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PREDICTION OF THE LONG TERM STABILITf OF POLYESTER-BASED RECORDING MEDIA 



by 

Daniel W. Brown, Robert E. !,owry and Leslie E. Smith 
Polymer Science and Surdards Division 
National Bureiiu of Standards 
Washir.;-:f- D. C 20234 



ABSTRACT 

The stability of poly(ethyleneterephthalate) is being studied in order 
to predict its long term behavior as the base of the film and tape used to 
record archival information. This report contains results of the first year's 
work. Film base, with and without photographic and other coatings, was aged 
at several temperatures and humidities. Mechanical and calorimetric properties 
and molecular weights were measured at intervals. Degradation was relatively 
rapid at temperatures of 115, 100, and 85 'C at 100% relative humidity. The 
scission rate at 85 'C was about 10'^ mol scission/g-day and the activation 
energy was :i3 kJ/mol. Rates decreased strongly with relative humidity, becoming 
negligible in dry air and nitrogen. At 55 'C and 100% relative humidity 
degradation was not significant in 163 days. Samples were seriously embrit Jed 
by the introduction of about one scission per molecule— about 10"* mol scission/g. 
In its present state, gel permeation chromatography probably is not precise 
enough to be a good degradation monitor, since one would like to know when 
degradation had exceeded. a fraction of the damaging level. Differential scanning 
• calorimetry showed little change in melting behavior of samples aged at 55 and 
^ 85 'C. Glassy samples crystallized during aging at 85 'C but not at by 'C. 
Magnetic tapes based on poly(ethylene terephthalate) usually hove a 
polyester polyurethane binder that holds the magnetic particles. The 
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binder Is thought to be more sensitive to hydrolysis than the tape base. 
.Results obtained with a thermoplastic polyester polyurethane Imply that 
there may be an equilibrium extent of degradation for any storage con- 
dition. At 20 'C and 50% relative humidity, about 70 x 10'^ mol sclsslons/g 
Blight cccur. The corresponding molecular weight Is only 1400 and It Is 
expected that binder of this molecular weight would be too soft. 

It Is anticipated that the study will go on for four more yeai^. Agings 
at 35 'C at several humidities are going on and samples will be examined at 
intervals. Attempts will be made to develop more sensitive methods to detect 
degradation. 

Key Words: degradation; film base; hydrolysis; photographic film; polyester; 
poly(ethylene terephthalate) ; recording media; stability 

1 .0 Introduction 

Many of the cultural, historic, and commercial records are now kept 
in forme other than that of the traditional paper books or documents. Tapes 
for audio, video, or digitally encoded information as well as microfilm are 
increasingly popular storage media because of their higher storage density and 
their compatibility with automated data access and retrieval systems. Newer 
electrographic imaging systems combine the advantages of microfilm with the 
ability to update pages, thereby totally eliminating the need for paper records 
even for active files. 

Poly{ethylene terephthalate) (PET) is the supporting base in much of the 
photographic film and most of the magnetic tape that is used to record 
archival information. The lifetime of PET is unknown under conditions of archival 
storage. Similarly, polyester polyurethane binder, used to hold magnetic 
particles on magnetic tapes, has an unknown lifetime. 



Over twenty years ago, similar considerations prompted the Library of Congress, 
with support from the Rockefeller Foundation, to sponsor a study of the archival 
qualities of phonograph discs and the types of magnetic tapes available at that 
time. The report of that study, "Preservation and Storage of Sound Recordings" 
by A. G. Pickett and M. M. Lemcoe, contains a discussion of the probable modes of 
deterioration of those recording media and recoranendations for storage conditions 
that still seem reasonable today. The present study was begun in 1981 under 
the sponsorship of the National Archives. It begins a five-year program aimed 
at producing measurement methods and data for predicting the lifetimes of 
polyester-based materials under archival storage conditions. It is hoped that 
the results will be general enough to be applicable to the products which will 
be available during the next ten to twenty years and is therefore not nierely an 
assessment of the stability of specific current products. This report describes 
the results of the first year of the study. 

2.0 Background ^ ^ 

2.1 PET. This polymer has the chemical structure, (CHgCH^O C CgHjJcO)^^. 
Industrial production has been described recently (11. Currently the 
polymer is made from dimethyl terephthalate by catalyzed ester exchange 
with ethylene glycol. Two exchange steps are involved. In the first, 

bis (hyaroxyethyl) terepha thai ate is formfl at about 150-200 'C and methanol 
is distilled off. Reaction catalysts are acetates of cobalt, magnesium or zinc. 
PET is formed in the second step by heating the first product to 280 'C with 
antimony trioxide. Ethylene glycol is formed, which \s removed under vacuum, 
thereby favoring polymer formation. At 280 'C, residual catalyst from the first 
step would convert some ethylene glycol to bis-(hydroxyethyl ) ether. This could 



enter the polymr ^hi^ugh ester exchange and affect its propertie-i. jo prevent 
this, phosphoric 3:i<l or trlphenyl phosphate Is added along with the antimony 
trioxide. These canpl ex the acetate catalysts and render them intiocuous. 

Recently hi? purity terephthalic acid has become available tn large 
quantities and tu* become the starting inaterial of choice. In thjs process 
b1s-(hydroxyethv* teraphthalate would be made directly from terephthalic 
acid and ethylene glycol, using titanium alkoxides or diaikyl tin oxides or 
carboxylates. these present, conversion of bis (hydroxyethyl ) terephthalate 
to PET does not -squire antimony trioxide, although some may be u-jed. 

Storage qua*'ties of the finished product may be affected by the process 
used. Specif ic2'y» since catalysts must act on forward and revHpse reactions, 
residual esterf::ition catalyst will promote hydrolysis. If the catalyst is 
destroyed by sice reactions (hydrolysis, for example) the residuai activity 
may not be great. I" a study of the nydrolysis of po"ly(butylene adipate) 
glycol we found tfat it hydrolyzed with a smaller rate constant if it had 
been prepared without catalyst. 

A side reaction that occurs during polymerization of PET ma/ also 
be important to its subsequent storage qualities. This is the ssif dispro- 
portjonation of the polymer chain to form vinyl (-- CH » CHg) amj acid 
(HO C CfiH. CO—) end groups. Hydrolysis of esters is known to b* acid 
catalyzed so manufacturers strive to keep the acid content low. Acid concen- 
trations of 15-50 u eq/g are typical of coipmercial polymers [2]. 

The number {%) and weight (M^) average molecular weights of commercial 
PET are about 20.000 and 45,000 g/mol respectively. About 1.3-1.3 wt. % 
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of cyclic compounds-dlmers, trlmer. tetramer »nM n . 

nwr, wiramer, and pentamer, are present. 

The ,.u„..„t U a CK,1C trW ,3.3, co„ce1v,M,. t..se c»pou„.s 

physical properties and the measured H . 

PET is .eak. brittle, and opaque lless subjected to , complex 
th.™«cha„1cal treet^nt 12, to be descHbed. Polymer Is .eated .bove 
-™it1„, temperature. T„ (about aso -c). extruded, and ,„encbed. Then It Is 

b It, : r; ^^-^^ V - - -C and stret^d 

xia.ly. Subsequently the polymer Is heated to about ^SO -C. under restraint. 

crystallization occurs. It is then cooled and may be .tensllUed" by 
st-tchin, It un1d1r,ct1ona„y. The result Is a clear «,m .it. a tensile 
strength a, „ .00 MPa ,30.000 psi, and an elongation at brea. 0. about 
'50«. Although the film is quite clear, the amount of crystalHnlty Is 
appreclable-from 30 to 50t Is estimated by calorlmetry. 

Slassy PET. prepared by simply meltinq and quenching the po1,™r 
'3 clear but Is weaker and less deferable than Vully treated film, therefore, 
the tremendous Improvement In mechanical properties brought about by the 
thennomechanlcal treatnent Is due to residual orientation and stress In ^he 
urn The presence of residual stress Is shown by the two fold shrinkage In 
length and width that occurs If a film Is heated quickly to 285 -C 

T^peratures In previous aging studies of PET have generally been 
a^ove T, ,„ order to keep aging times fr» becking unreasonably long. Archival 
storage temperatures are nomally of the order of 20 -C or below [4, 
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Thus a rather rather long extrapolation below Is required when applying 
previous data to the temperature region of interest. There is no convincing 
evidence that such- extrapolation is valid. Indeed, one anticipates some 
discontinuity at T^ because of changes in mobility. Thus, above T^ one 
would expect that a scission in an amorphous portion of a polymer chain would 
be followed by rapid relaxation of any strained configurations that portion 
had. Considerably below T^ one would expect the broken chain would maintain 
its strained configuration. Presumably there should be differences in physical 
characteristics that reflect such contrasting behavior that would not be 
taken into account by simple extrapolation through T^. 

There have been several aging studies involving PEi. We will not attempt 
to review all but will describe the most important ones. The reaction of primary 
interest is ester hydrolysis, which breaks the polymer chain generating acid and 
alcohol groups, i.e. HgO + -CO.^- * '''-OjH + H0-. 

One of the most thorough of the previous studies is that by McMahon 
et al. [5]. The hydrolysis of PE-^ was studied at temperatures between 
130 and 50 "C at relative humidities, RH, of 0, 20, 50, 75, 9j, and 100%. 
Samples consisted of 0.5 and 10.0 mil-thick film, the former more oriented 
than the latter, and 1100 denier yam. The maximum time was 300 days. The 
amount of chain scission, calculated as the fraction of ester groups hydrolyzed, 
was deduced from intrinsic viscosities. Measurements were also made of tensile 
strength, elongation and density. Infra-red spectra were studied. 

Plots of the amount of chain scission versus time showed upward curvature. 
However, this became appreciable only after samples had become brittle so rate 
conslar.ts for chain scission were taken as tne initial slopes. For the 0.5 mil 
Sheet these were approximately proportional to RH at constant temperature and 
had an activation energy of about 110 k J/mole, independent of RH. Rate 
constants for the 10- mil sheet increased more rapidly than relative humidity 
but were 1/4 to 1/2 those of the 0.5 mil sheet. The activation energy was 
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about 120 kJ/mol. It was assumed that-dlffuslon limited the degradation 
rate of the 10 mil sheet. The yam, which had threads thinner than 0.5 
mil, was considerably more stable than either sheet. Possibly orientation 
and/or crystal Unity contributed to these rate differences. 

The 0.5-mil and 10-mil films were judged to have failed when 0.7 
and 0.5% of the ester groups had be^ii hydrolyzed, respectively, which 
amounts to about one ester group broken per molecule. Extrapolation by the 
Arrhenius equation gave lifetimes of about 500 ind 800 years, respectively, 
for these films at 25 *C, 50% RH. 

The lowest temperature at which work was reported is 60 *C. In 300 
days at IOCS relative humidity the intrinsic viscosity had decreased from 
0.53 to 0.45 dL/g. The decrease was approximately uniform with time. 
The value of T^ in such a long axperiment may be less than 70 *C, so it Is 
uncertain If this degradation is below T^. 

Arguments were given [5] to the effect that degradation due to thermal 
or oxidative scission is about three orders of magnitude less than 
hydrolytic scission at 100« RH. The data for films at 90 "C in dry air 
Initially showed a small decrease in intrinsic viscosity followed by an 
Increcse to about the initial value. 

During degradation of the films there were increases in density, 
attributed to increases in crystal Unity, and also increases in absorbance 
at 3425 cm"\ attributed to incorporation of -OH groups in the polymer. 

A more recent paper described hydrolysis at IOC **C, 100% RH [6]. 
Carboxylic acid contents were measured at various times for samples 
having different initial acid contents. These data show clearly that 
degradation is autocatalytic, the rate increasing proportionally to 
initial acid content and exponentially with time. Since acid contents of the 
samples studijd by McMahon et al. [5] were not given, it is possible that some 
of the differences between samples were due to differing initial acid contents. 



Th« above studies did not involve film bearing photographic emulsions, 
which might affect the degradation. Adelstein and McCrea [7,8] have aged 
photographic film and also uncoated film base. 

Samples were sheets of base, 4 mil thick in the case of PET and 
also sheets of exposed and developed photographic film, on the same 
thickness of base. Most of these were preconditioned at 21 "C, 50% RH 
and then sealed in 2.5 cm diameter glass tubes, about 100 sheets of one 
kind to each tube. The volume of the tube was made small to mi/jimize 
evaporation of moisture from the samples. The samples were then placed 
in ovens at temperatures between 71 and 125 for various times. Proper- 
ties measured included intrinsic viscosity, tensile strength and elonga- 
tion, emulsion melting and image loss, and brittleness on rapidly bending 
the film. The last two are qualitative tests. 

The results for the first three properties were assumed to obey 
first order kinetics and rate constants were calculated as the fraction 
of each property lost per unit time. These rate constants were not used 
directly in extrapolation but instead were used to calculate times to 20% 
viscosity loss, 10% loss in tensile strength, ir.d 10% loss in elongation at 
break. Times to emulsion melting and image loss and onset of brittleness 
were also judged. These times were extrapolated by the Arrhenius equation 
to 21 "C. The extrapolated times rang** from 1000 to 2000 years. Relative 
humidities at each temperature are unknown and must be different, so the 
reliability of the extrapolation appears questionable. 

Longer experiments were done in which samples were aged at 25 "C - SQ'i RH, 
38 «C -78% RH, and 50 - 20% RH for times up to 24 years. After 24 years at 
25 "C, 60% RH decreases in intrinsic viscosity and elongation were 3% and 
22% respectively; tensile strength appeared to increase slightly, about 5%. 
The extrapolation described above predicts that in 24 years losses of these 
three properties will be 0.1, 0.2, and 0.4% respectively at 25 "C. Thus the 
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extrapolation described above predicts rather different changes In properties 
than were observed. 

PET bese with a photographic emulsion layer degraded about three 
times faster than the uncoated support. This was attributed to production 
of ammonia from the gelatin. Ammonia is known to attack PET quite severely [2]. 
However, to us it seems that the effect might also be due to humidity differences, 
since gelatin which sorbs water strongly at 21 "C, might desorb it at oven 
temperatures. Relative humidities would be greater in these tubes. At high 
temperature the film with the cellulose triacetate base appears somewhat more 
stable than the film with the PET base. Below 100 ^'C this situation is reversed. 
2.2 Magnetic Tape . Most magnetic tapes consist of a thin (0.25-1.50 mil) PET 
substrate with a front coating containing a magnetic ntaterial, commonly y ^^^2^3 
or CrO^. The magnetic matsrial is embedded in a polymeric binder. Coimion 
birders are based on polyester polyurethanes. Sometimes there is a carbon 
coating on the back, which is also embedded in a polymeric bincisr. The carbon 
coating dissipates electrostatic charge. 

The polyester polyurethane binders used on tapes are highly cross- 
linked materials with complex structures. They can be expected to have 
5-10 times as many ester groups as urethane groups. Aliphatic esters 
are used; these are more susceptable to hydrolytic degradation than the 
PET substrate. Thus the degradation of interest in iTiagnetic tapes is 
primarily that of the binder. On degradation this softens; adjacent 
layers of tape may stick together or the binder may stick to the recording 
heads. Ultimately the tape becomes unreadable. 

The hydrolytic degradation of soluble aliphatic polyester polyurethanes 
is quite well understood [9,10]. The reaction proceeds by the equation: 

HgO + -COg- ^-^ -C02H(A) + HO- (1) 
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Here an ester link, ^C02-» reacts with water, breaking the polymer chein 
and giving an alcohol and a carboxyllc acid (A), which catalyzes the reaction. 
Typically there are about 10 n»l ester groups for one gram of polymer. 
If 5 - 10% of these are hydrolyzed the polyurethane molecular weight 
becomes about 1000 - 2000 g/mc*. This Is far too low to have the mechanical 
properties of a polymer. Thus severe property degradation can occur 
without much change In the ester concentration. Fo- any sample, the 
water content Is determined by the relative humidity and the temperature and 
Is not much affected by the extent of degradation. Consequently, yster and 
water concentrations can be Included In the rate constant, k. Scissions 
In mol/g are equal to the change In the reciprocal of the number average 
molecular weight, a (Mp'^). This equals the change in acid content. Since 
the reaction is acid catalyzed the applicable differential equations are: 

4^.^Jl-.k[A] (2) 
where t is time and k is the fractional rate of increase in acid concentration. 
After Integration: 

CA]»CAje^^ 

L{H^'h ' [Ag] (e'^^-l) (4) 

-5 

where [A^] is the initial acid content, about 10 eq/g. 

0 

For polyester polyurethanes based on polycaprolactones ani polybutylene 
adipates, k was approximately proportional to relative humidity and, at 
100% RH, increased with temperature with an activation energy of about 75 
kJ/niol [10]. 

Carbodiimides are sometimes used as hydrolysis stabilizers in 
polyester polyurethanes because they react with acid, reducing reactio.i 1 to 
negligible proportions. However, there is a slow uncatalyzed hydrolysis, 
ordinarily negligible, which continually generates ac^d [11]. This reacts 
with carbodiimide, eventually consuming it. Subsequently, reaction 1 again 
becomes significant and destroys the polymer. 

12 
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Esterification. the reverse of hydrolysis, .lay be significant at 
low relative humidities, if -.^ is the rate constant for the reverse of 
reaction (1) then the rate of ester formation will be CA]2[hO-]. The 
acid concentration is squared because acid was a catalyn for the fon^ard 
reaction and so must be one for the back reaction, if hydrolysis has occurred 
to a moderate extent. [A] and the [HO-] will be ab^jt equal, since [A^] is small 
and acid and alcohol form at equal rates. Thus a sample undergoing degradation 
at low RH ought to reach an equilibrium described by the equations: 

kCA] . k ^CA]3 or k . k (5) 
At 3S»C, lOOX RH. unstabllized. soluble polyester polyurethanes 
lasted about 400 - 500 days before becoming very weak. Highly cross- 
linked materials would be expected to last longer because more scissions 
would be required to reduce the molecular weight to a critical value. 
Such samples have been axamined. Cross-linked reticulated foams, taker 
from airplane fuel tanks, have been studied by preaging them until 
soluble and then aging them for additional periods to measure the rate 
of increase in acid content [12]. The rate data were extrapolated backward 
in time to get the acid contents before ar-^ng. These correlated well with 
mechanical properties and the times (5 - 8 years) the materials had been In 
service. The a:tua1 rate constants were about equal to those of soluble 
polyurethanes. 

Two studies have been concerned wi^h the hydrolytic stability of 
magnetic tape binder. £. F. Cuddihy measured the weight of acetone- 
soluble components and evaluated the adhesion betweer binders and PET 
[13]. Agings were done In air and in nitrogen at relativ-c humidities of 
0. 11. 30. and lOOS at temperatures of 36. 48. 61 . and 75 ^r, samples 
that had been hermetically sealed at relative humidities of 30. 60. and 
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low at each temperature vMre also aged. The weight of the acetone 
C soluble materials decreased at 0 and lis and In all the hermetically 

sealed samples, Indicating that crossllnking occurred. The other samples 
showed increases In sol fraction. These Increases were attributed to 
scissions caused by hydrolysis. The crossllnking was attributed to the 
reverse process, esterification. 

The adhesive strength between binder and PET was estimated by 
rubbing the tape with a swab that had been soaked in tetrahydrofuran and 
measuring the time required to dislodge the binder layer. Values were 
14±2 seconds for unaged tape. They ranged down to as little is one 
second for a sample aged 14 weeks at 75 'C, 100* RH and up to 30 seconds 
for samples aged U weeks in dry air or nitrogen at 75 "C. Thus the 
results parallel the sol fraction observatio.is. 

The crossllnking effect found for hermetically sealed samples is 
puzzling since the samples were supposedly equilibrated at humidities 
high enough to cause degradation. Thus, unless the binder initially had 
considerable acid and alcohol, one would expect that the sol fraction 

f would increase and the humidity decrease until hydrolysis and esteri- 
fication y/nt on at equal rate*- Relative humidity was measured in 
j|[ several experiments and fou. .icrease. As noted above, sol fractions 

I decreased. Possibly the iron oxiJe particles contain some Fe(0H)3, which 

I reacted with carboxylic as. id to give water and an iron carboxylate. 

Cuddihy concluded that at. a relative humidity of 24% at 21 the 
binder should be «cable, neither crossllnking nor degrading. 

The second study of tape stability was undertaken for the U.S. Air Force- [14]. 
The effect of humid aging was only part of the study; much of the effort went 
Into mechanical characteristics of tape winding and their effect on long term 
tape readability. 
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tape binder. 
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3 1 PET. samples of several materials are be.ng aged at 25. 50. an 

relative hum'.dity at 35. 55. and 85 u 

M films there are samples of two electrographic 
developed photographic fil.s. 
syst^s. son* uncoated PET film base, and m U70. 
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known permeation characteristics. Samples for each condition are in one 
large test tube closed with a nibber stopper. The samples are suspended 
on a frame above the LiCl humidifying solution. In addition, samples of 
the leader are being aged in sealed tubes under dry air, dry nitrogen, 
and nitrogen at 100% RH. The coating has been removed from some of the 
commercial samples in order to get rosults with and without coatings. 
At 35'r. some samples contain test patterns in order to see effects on 
the gelatin layer. 

Samples are removed at intervals, tested for brittleness by creasing, 
and their molecular weights a*^ determined by gel permeation chromatography. 
Tensile strengths, TS, and elongation, E. are neasured in many cases. A 
differential scanning calorimeter (DSC) is used to observe glass and melting 
behavior and measure aH^, tiie heat of fusion. A potentiometric titrator has 
been received and acid contents will be determined. Some infrared measurements 
were made and more are planned. 

Two sets of smalVer scali experiments are being run. These involve 
glassy samples and samples preaged at 85 *C, lOOS RH. These are being 
aged only at lOOX RH, the last set only at 55 *C and 35 "C. 

Properties of unaged samples are in Table I. The first three materials 

(all photographic products) and coated electrographic film 0 have similar 

properties. Other materials hcve somewhat lower values of M and TS and 

n 

higher values of aH^. Values between 113 and 144 J/g have been estimated 
[13] for lOOX crystalline PET, so our samples appear to be 30-50% crystalline 
by calorimetry. 

Uncoated electrographic film C has particulary high values of aH^ 
and E and a low value of TS. It "necks" In the tensile tester suggesting 
that It was not prestretched as much as the other materials. 
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The lower molecular weights of the glassy polymer indicate that 
It degraded during preparation. When heated In the calorimeter it 
exhibits a strong glass transition, then crystallizes, and finally melts. 
This behavior is shown later. Pieces of the glassy polymer were small and 
contained bubbles. Consequently, their tensile properties were not measured. 
3.2 Tapes. To date we have not aged magnetic tapes but have been studying 
equilibrium characteristics of esterflcation at different humidities and 
temperatures. Materials studied include a polyester polyurtthane elastomer 
and several polyester diols used to make polyester polyurethanes. 

4.0 Resul ts 

4.1 PET 

4.1.1 Mechanical Properties . Table II lists the .lumber of days of aging 
after which samples cracked when creased, a qualitative test designated 
ringer Brittleness." These times depend on humidity and temperature. 
No failures have yet been observed in samples aged at 85 "C, 25% RH or at 
55 At 85 "C, 100% RH, approximately 100 days cause failure of all samples. 
Electrographic film C was embrittled more rapidly than the others. 

Figures 1 and 2 show elongation at break as a function of aging 
time at 85 *C. The figures show effects of surrounding gas, relative humidity, 
and removal of any coating. The lines indicate the general trends of the data. 
At IOCS RH almost all elongation is lost between 80 and 100 days, whether in 
air or in nitrogen, whether coated or not. Specimens of uncoated and coated 
electrographic film C, aged at 100% RH, were not run in the tensile tester. 
The former was too brittle to handle after 61 days, at which time only a 
small piece of the latter was taken. After 81 days the latter was too brittle 
to handle. At 50, 25, and 0% RH all samples show progressively less loss of 
elongation. 
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l^lgures 3 and 4 show tensile strength as a function of aging time 
at 85 **C. Decreases on aging are not nearly as severe as found for 
elongation. The Influence of humidity and the lack of any consistent 
difference assoc.. ' with the presence of a coating are qualitatively 
as found with elongation. 

4.1.2 Chain Scissions In PET . Molecular weights were measured by use of gel 
permeation chromatography using four microstyragel columns having pore 
sizes 10 « 10 « '<0 , and 10 ran. The solvent was hexafluoroisbpropanol 
containing 0.01 M sodium trifluoroacetat?. This salt tends to prevent 
adsorption of polymer on the packing. Calibration was performed by 
using published chromatograms and intrinsic viscosities of PET in 
hexafluorisopropanol [16] to calculate the Miitic Hou^ink equation between 
intrinsic. .Iscosity and molecular weight at the chromatogram peak. This 
relationship was assumed valid for our polymers. Then we determined the 
intrinsic viscosities and chromatographed several of our degraded and 
undergraded samples. Use of the Mark Houwink equation gave molecular 
weight at the peak as a function of retention volume on our column set. 

This calibration technique is being used on a tentative basis. 
Efforts were also made to develop a calibration with a better theo- 
retical basis. Narrow fractions of polymethylmethacrylate were purchased 
and a universal calibration was developed (polystyrene is Insoluble in 
hexafluroiscpropanol and so could not be used). When applied to PET this 
calibration gave values between 3000 and 200 for undegraded and degraded 
samples and thus was seriously in error. The reason for the failure is 
unknown. Also, in our preliminary work we found that metastable solutions 
of PET could be formed by dissolving it first In hexafluoroisopropanol and 
then diluting 30 fold with chloroform. These solutions were, stable for 
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7-10 days and so could be chromatographed. The mixed solvent, being effectively 
chloroform, dissolved polystyrene fractions, which were chromatographed and 
the results made the basis of a universal calibration. When applied to PET 
the result was as above, unbelievably low molecular weights. 

Several chromatograros of degraded and undegraded PET in hexafluoro- 
isopropanol are in Figure 5. The secondary maximum at about 37 cm^ was 
found with all materials. The progressive shift of the peak maxima to 
higher retention volumes as aging time increases means that the molecular 
weight decreases on aging. A^ing at 100 *C and 115 *C for short times 
caused severe degradation. There are small peaks at higher retention volumes 
than shown here. 40 - 60 cm^. These are observed if polymer-free solvent 
is injected and so are ignored. 

The molecular weights are calculated from the chromatograms by 
assuming that the height above the baseline is proportional to the con- 
centration of polymer, whose molecular weight is determined from the 
retention voluine at which that height occurs. Therefore, the weight 
fraction of polymer in a certain molecular weight range is proportional 
to that fraction of the total area under the chromatogram between certain 
retention volumes. A digital computer is used to make the necessary 
summations and calculate and M^. 

One characteristic of the results is that is quite sensitive to 
location of the baseline. This is shown in Fig. 6, which gives and 
for two baseline locations. The location of the baseline is really 
somewhat subjective, particularly in the low molecular weight region 
because of the solvent impurities and because there is probably some 
adsorption of the polymer on the column packing. The larger standard 
deviation found for than in table I for film base reflects this situation. 
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I In calculating scissions, Is the quantity of Interest because % ^ 

represents mol polymer per gram. Therefore a(M^*^) is the Increase i*" 



I 

1 - 

f 



mol polymer per gram. This Is equal to the mol of scissions per gri'* 
since each scission adds one to the number of polymer molecules. Pro^ioly 
A(Mj^*b Is uncertain by about 2 x 10*^ mol scission per gram. 

Figures 7 and 8 art plots of ^{Mp'b versus time at 85 'C. At 
RH a linear extrapolation of <i(Mp"^) at longer times to zero time fal*' ^^oiti 
the origin, suggesting that the scission rates Increase with time; t*« 
line is drawn so as to emphasize this trend. The scatter is great arc 
It Is thought there are no significant differences in scission rates 
between samples. This is true even of coated and uncoated electrograr^lc 
films C despite their early mechanical failures, compared with *hose >^ 
the other samples. At 100 days there is about 6 x 10'^ mol scission.^* 
indicating that values of have been reduced from about 17000 to SCJO. 
Thus, there has been about one scission per original molecule at faiU'^* 
In agreement with the work of McMahon et al. [5]. Degradation is much 
less at SO, 25, and 0% RH. 

Figure 9 shows scissions formed in the glassy polymer at lOO'i RH dt 
85 'C and also at 55 'C. At 85 'C the scission rate is about four times as 
large as with the other samples. At 55 ''C the number of scissions is 
negligible. 

Table III shows results from a variety of samples aged at 55 ^C. 
100% RH for 163 days. No property decreases very much and some increase 
slightly. Consequently, we have as yet no evidence of degradation at 55 'C. 

Single aging experiments were done in sealed tubes at higher temperatures 
than 85 'C. At 115 'C there were 26 x 10*^ mol scissions/g in 13 days and 
at 100 'C there were 22 x 10"^ mol sclssions/g in 39 days. At 85 'C at 1005 RH 
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there were 11 x 10"^ mol sc1ss1on/g 1n 123 days. Overall rates are plotted 
1n Fig. 10. The activation energy 1$ about 113 k J/mol or 27 kcal/mol In 
reasonable agreement with 29 kcal/mol found by McMahon et al. [5]. Their 
rates at 85 »C. 100* RH are about 2 x 10"^ and 10"^ mol sclsslons/g. day 
for 0.5 mil and 10 mil film, respectively. Our value for the same conditions 
Is 0.9 X 10'^ mol sclsslons/g, day. 

4.1.3 r..lQrlmetry with PET . Some scar.s between 45 and 180 from the 
differential scanning calorimeter are in f1g. 11. For each curve the starting 
ordinate value 1s arbitrary and t . slope 1s made approximately zero. The 
curves for the unaged comnercial samples show deflections at about 75 that 
are indicative of g.ass temperatures, although they are very weak. That for 
unaged film base is typical of most of our materials. The deflection for the 
uncoated electrographic film C is the largest for any of the comnercial 
samples. Aged samples do not show a normal T^ but their curves appear to 
have weak melting peaks about 30-45 degrees above the aging temperature. 
Interpretation will not be attempted now because the effects of time, humidity, 
and extent of degradation are unknown. 

Curves, for the same polymer and also for some aged NBS 1470 between 
180 and 230 -C are in Fig .11. the ordinate sensitivity is one tenth that 
in Fig. 11. Curves 1 and 2 cover the range found for unaged polymers 
except for the glassy one. The temperatures at the peak maxima. T max. 
and the heats of fusion are listed in" Table IV. Long heating does not affect 
these quantities much at 55 -C and 85 «C. The changes with samples 
aged at 100 'C and 115 *C probably are significant. 

Fig. 13 and 14 show calorimeter scans for the glassy material. The 
ordinate scales are both made the same as in Fig. 12 in order to keep 
tne crystallization peaks on scale. The transition at T^ for unaged glassy 
material is much stronger than for the other unaged materials. Aging at 
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3S "C permits crystal Uzati on, which greatly reduces the size of the 
glass transition and eliminates crystallization during the scan. Aging 
at 55 *C did not cause crystallization hut It did shift the glass trans- 
ition temperature. It is encour?ig1ng that crystallization did not occur 
since this process might destroy the orientation of commercial films. 
4.2 Polyester Polyurethanes . Cuddihy's work suggests that hydrolysis of 
polyester polyurethane tape binder may be equilibrium limited ^t low 
relative humidity [13]. Binder insolubility and the presence of iron oxide 
prevent reliable kinetic analysis so we made a preliminary study of equilibrium 
using soluble polyester polyurethane and polyester diols. In this study 
hydrolysis was followed by measuring the acid content as a function of time. 
A thermoplastic polycaprolactone polyurethane elastomer with an initial 

ac'd content of 10'^ eq/g -s aged at 85 'C, 100« RH until the acid content 
-5 

was 25.5 X 10 eq/g. Portions of thi- material were then re-aged at 85 'C 
at relative humidites of 27, 12, and OS. The variation in acid content during, 
the re-aging experiments is shown in Fig. 15. At 27 and 12% RH the equil- 
ibri'jm acid contents are 60 and 35 x 10"^ eq/g, respectively. Samples 
were also aged at 8% RH at 55 'C and at 115 RH at 35 'C. Equilibrium acid 
contents were 33 and 28 xlO"^ eq/g respectively. Thus equilibrium acid 
contents change '.ittle with temperature at the same relative humidity. 

Polyester diols were also equilibrated at 85 'C and nominal relative 
humidities of 95, 50, and 25*. At 85 ''C these materials are liquids with 
viscosities of about 30 Pa.s (300 cp). [A] in eq/g of poly(butylene 
adipate) and poly(caprolactone) diols at equilibrium were 3.9 x 10"^ 
and 3.2 x 10"^ at 95* RH, 1.4 x 10'^ and 1.2 x 10*^ at 50 % RH, and 0.6 x 10"^ 
Cpoly(butyleneadipate)] at 25% RH, The equilibration is now being studied 
at 55 'C and it appears that the equilibria [A] are not r.iuch different 
from those at 85 'C at the same relative hunidity. 
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Rate constants for the hydrolysis are known from previous work [10]. 
Therefore, rate constants for the back reaction can be calculated, by 
equation 5 for the polyurethane ind by Its modification for the polyester 
diols. Modification is required because the polyester diols initially contain 
about 10'^ eq/g of -OH groups; consequently [A] and [-0H] are not equal. 
Secondly, at high relative humidity the ester concentration is changed by 
hydrolysis. The equation is: 

rW- !c Ha] ([-OH J + [A]) (6) 



Here [E^] and [-OH^^] are initial concentrations of ester and -OH groups 
and E is the equilibrium concentration of ester. At equilibrium, [A] »[Ag], 
so that the [-0H] is nearly equal to ([-OH^] + [A]). [E^] and [-OH^] are 
known characteristics, being 10'^ and 2.1 x 10'^ eq/g, respectively, for 

-3 -3 

poly(butyleneadipate) diol and 8.77 x 10 and 10 e<^/a, respectively, for 

the poly(caprolactone) dlol. 

At 0* RH there is no hydrolysis so k^ for the polyurethane was calculated 

from the kinetic data for this condition in Fig. 15. If third order kinetics 
1 -2 

are assumed then k is half the slope of [A] versus time. The three points 



fit third order kinetics rather well (Fig. 15, x's and dashed line). 



The values of k^ are listed in Table V. As humidity increases k^ 



decreases for all three materials. The polyester diols have smaller 
values than the polyester polyurethane. 

The k^ at about 10% RH for the po'.yurethane were extrapolated to 20 *C 

3 2 2 

by the Arrhenius relation to obtain 1.2 x 10 g /eq x day. The 

corresponding value of k, obtained by extrapolating data in reference [10], 

is 1.2 X 10'* day'^. If these rate constants are substituted in eq. (5) 

-5 

the equilibrium acid content is calculated to be 32 x 10 eq/g, about as 
observed at 85 - 35 "C at this humidity. If one neglects any change in 
with relative humidity and takes k as being proportional to relative 
ErJc humidity then the equilibrium acid content will vary as the square root 
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of the relative humidity ratios, giving 50 x 10'^ and 70 x 10"^ eq/g at 
25 and 50X RH at 20 "C. The reticulated foams studied earlier had lost 
substantially all their tensile strength at acid contents of 22 x 10'^ and 
36 X 10"^ eq/g. About 65X of the strength was retained at 9 x 10"^ eq acid/g. 

Alternatively, one can neglect equilibrium and use k to calculate 
the time to reach some limiting acid content from the initial acid content, 
which is probably about 10*^ eq/g. Values of k are 3 x 10"* and 6 x 10'* day"^ 
at 25 and SOX RH at 20 "C. If the limiting acid content is 15' x 10"^ eq/g 
then, by solving eq. (3) for t, one obtains times equal to about 25 and 12 
years respectively for the above conditions. 

These calculations were all based on data from a thermoplastic 
polyester polyurethane and it is not known how closely they will apply 
to tape binders. The ideas should be valid for any aliphatic polyester 
polyurethane and modifications exist if stabilizers are present [11]. 

5.0 Discussion 

5.1 PET. The degradation observed is consistent with previous work and sup- 
ports the idea that the most likely cause of degradation under ordinary 
conditions will be hydrolysis. It is somewhat surprisinc; that serious 

loss in physical properties occurs with only one scission per molecule. 
However the molecular weight of the polymer is quite low so one scission 
per molecule may bring below a critical value. In addition, the 
highly oriented nature of the material may furnish an explanation. One 
picture of a strained semi crystal line polymer is that much of the stress 
is carried by strained amorphous portions of chains that tie crystalline 
regions together [17]. Another concept is that mechanically strained 
bonds are sensitive to chemical attack [18]. If one combines these 
ideas then the attack would tend to be localized at bonds that are 
critical for mechanical strength. 
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The results with the glassy material appear somewhat 1n conflict 
with these Ideas, since nominally unorlented, glassy polymer degraded 
faster than the oriented PET. However, the DSC results Indicate that 
the sample crystallized during aging. This might have had some effect 
because the degradation that occurred during heating prior to forming 
the glass probably Introduced acid groups, which would be expected to 
have a catalytic effect on hydrolysis. Being on chain ends, they would 
probably be located preferentially In non-crystalline regions.' 

In the coming year the agings at 55 "C and 35 "C will be continued 
and others will be started at 70 *C. Acid contents will be measuj-ed by 
use of a potentlometric titrator, which was delivered recently. 
Some agings will be also be started In the presence of small concentrations 
of sulfur dioxide and nitrogen oxides. These may be environmentally 
significant for the degradation since the concentration of acid pollutants 
is likely to Increase as lower grade fuels become more common. 

Finding that severe mechanical degradation requires very little 
chemical degradation has made us rather skeptical of the value of gel 
chromatography as a method of monitoring samples, unless the precision 
of the measurements can be Improved by a factor of ten or more. Infrared 
methods will be Investigated more thoroughly In an effort to find a 
sensitive means for detecting degradation. Other methods to be considered 
are transmission of sound and light [19]. 

5.2 Magnetic Tape. Two problems Involved in studying degradation of tape 
binder are the presence of crosslinks and 1r . oxide. The latter may 
represent 80% of the coating. Methods employed will be like those used 
to study crossllnked foams— pre-aging to render the binder soluble, additional 
aging, and then determination of the acid contents. Filtration or centrl fugation 
will be used to remove the iron oxide particles. Infrared spectroscopy will 
also be used to get evidence for reaction between binder and Iron oxide. 
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Experiments will be carried out at several temperatures and humidities. The 
hydrolysis of tape binder 1s expected to be much more rapid than that of PET. 
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Table I. Properties cf Unaged PET 



io-\ 

g/mol 

Uncoated Film Base 4.90 jOJl 

Microti iM A 5.04 
Microfilm B 4. so 

Encapsulating Film 4.15 
Uncoated Electrographic Film C 4.20 
Coated Electrographic Film C 4.07 
Coated Electrographic Pilr. 4.50 
PET Film NBS 1470* 4.50 



PET, NBS 1470 Glassy Polymer^ 2.60 



lo'V 

n 


TS, 


E, 




g/mol 


M Pa 


Of 

f 


ill 


1.77 ±0.34 


204 ±5^ 




47 ±3 


2.15 


200 


15A *1^ 


48 


1 69 




TOO 

Mi ±11 


48 


1.59 


177 ±22 


80 ±15 


56 


1.44 


116 ±7' 


185 ±22 


59 


1.54 


167 ±5 


105 ±7 


55 


1.68 


201 ±10 


99 ±16 


47 


1.45 


150 ±11 


96 ±29 


54 


0.88 






-32 








56 



^Samples 0.01 cm (4 mil) thick except as indicated. Uncertainties are 
standard deviations of three or more mepsurements. 
^1 M PA « 145 psi 
^4.8 mil 
*1 mil 

We by heating and quenching NBS 1470. About 10 mil thick. 
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Table H. Days Aging of PET at 85 -C to Induce Finger Brittleness 
^^ISrlil 100% RH 50% PH 

Film Base Iqe 

Microfilm A o; ^ 

Microfilm 8 

Encapsulating Film -qs 

Uncoated Electrographic Film C 61 ai 

Coated Electrographic Film C 81 us 

Coated Electrographic Film D >81 

PET Film f'8S 1470 go 



Table III. Percentage Change in Properties of PET Aged at 55 -C. 
lOOX RH, for 163 days 



Material 

Film Base 
Microfilm A 
Microfilm B 

Uncoated Electrographic Film C 
Coated Electrographic Film C 
Encapsulating Film 

Arithmetic Mean 





I!" 


li 


E 


0 


10 


-8 


-8 


-8 


-2 


-3 


+10 


-2 


28 


6 


6 


-7 


15 


-9 


12 


3 


20 


-9 


-2 


-1 


28 


_6 


_6 


-2.5 


15 


-5.3 


9 
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Table IV. Effect of Aging on T^. and 



Material Aging Condi ti 







days 


Film Base 




Unaged 


Film Base 


55 


163 


Film Base 


85 


154 


Film Base 


85 


105 


Uncoated Electrographic 






Film C 




Unaged 


Uncoated Electrographic 




Film C 


55 


163 


Uncoated Electrographic 






Film C 


85 


154 


NBS 1470 




Unaged 


NBS 1470 


55 


90 


NBS 1470 


85 


39 


NBS 1470 


85 


60 


NBS 1470 


85 


90 


NBS 1470 


100 


39 


NBS 1470 


115 


13 



Uncertainties are standard deviations 



SRH 





251 +0^ 






100 


252 






25 


252 




HO 


100 


253 








260 




59 


100 


257 


4 


65 


25 


257 




62 




255 




54 


ICO 


254 




52 


100 


255 




48 


100 


253 




53 


100 


255 




5S 


100 


249 




64 


100 


243 




62 



of three measurements. 



Table V. Rate Constants for Esterfication 



Material 



Temp./»C 



1 



Poly(caprol uone) polyurethane 85 

Poly(caprolactone) polyurethane 85 

Poly(carrolactone) polyurethane 85 

Poly(caprolactone) polyurethane 55 

Poly(caprolactone) polyurethane 35 

?oly(capro1actone) diol 85 

Poly^caprolactone} diol 85 

Poly(butyleneadipate) diol 85 

Poly(butyleneadipate) diol 85 

Poly (butyleneadi pate) diol 85 



RH/ 

0 
12 
27 

8 

n 

SO 
95 
25 
50 
95 



10 



■'kVg^/eq^-day 



4.1 

1.9 

1.4 

0.17 

0.06 

0.47 

0.13 

0.42 

0.26 

0.07 
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DAYS 

Fja. 1. elongation dt break versus aging time at 85 "C. 0, 0, t, • filw baso ; 13, 01, ■ , 
^ QikrotlliH A;^,A, Awlcrofilw Bi^, coated clectrographlc flln D. Shadings Indicate 
relalive humidity: Unshaded, Qti, quarter shaded, 2St; half shaded 50Z; fully shaded. 
mil flays indicate special exposure condition: horizontal, gelatin-layer removed; 
vertical , under N9. 



100 M 



25%RH 



100 




32 



DAYS 



Fig. ^ nonuatlon at break versus aging t1.^ at 85 »C Q. I -5-,J:J,:lrnrf?Ji''' Shll^ 
C;CJ.li.llcoated elettroyrapliic film C; A. NBS M/U,^, ^enca|iiuiai.ii j 

code as ii) Fig. 1. 
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DAYS 



100 



150 



er|c 



34 



35 



€ 



200i- 



MPa 



100- 




36 



DAYS 




°C. 0, I. uncodted electrographic film C; 
iaiO^ii'codted'elect^gra^^ f.;A. NUS 1470i4^.4«n"PS"^«t*n9 f^'"- Shading code 

as ill Myure 1. 



fU. 4. Tensile strength versus aging tine at 85 
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RETENTION VOLUME, cm^ 

fia. 5. Gel pemmdtioii cbroHiatogruws of NDS 1470 unaged and aged at 100* RH. Curve; 1. unagedi 
^ ^ 2, Hb', jy days; 3. ttb". 60 days'. 4,«b". % daysi 5. 100% 39 days; 6. 115". 13 days. 

39 
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er|c 



40 
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< 4 
tn 
C 



V. 



100% RH 




DAYS 



150 



Fiq. a 

J fi.ll. 



did in scissions versus aging time at 85 "C. 0. 1. I uncoated electrographic fil« C; 
„. ■.■coated el ectrographic filwC;ANBS *470; ^encapsulating filw. "hading 
and flags is in figure 1. ^| 
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7. 



50 100 150 

DAYS 

Chain scissions versus aging tiuie at Ub 0. 9, O.^fllm base-.d. Hnlcrofiln hiA , 
uikTofilm Bi ^ coated eleclroyraphic filn D. Shading and flags as in Figur-e 1 



43 



O 



-1 



-1.5 



-2 




Fi^.lO. Arrhenius plot of scission raie at 
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100 150 
•C 

Fi 1. n. Oiffurenlial scanning calorliMeler curves. 1. unaged fUm base; 2. unaged uncoated 
•> eliiclrogiaphic fi\m C; 3. rilm base aged B5 "C. lOOt RH. 10b days. 4. fllM base aged 
U!> "C. 2bi HH. 154 days; 5 . film base aged bb "C. lOOX RH, 163 days. 

46 
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i<j. \2. Different id 1 scdiiiiiny calorimeter curves. 1), unaijed film base; 2, unaged clear 
electroyrdiJhic filiii Cj 3. rilw base aged Ub "C, lOOX Kll. 105 days; 5. filn base aged 
bb "C. 10(U mi, 163 days; 6. NUS 1470 film, aged 100 "C, lOOX Rli. 39 days; 7. NBS 1470 
niiu. aged lib "L, 100?. Ril. 13 days. 
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60 



100 



150 



Fici. U. Oi f fereiitidl scaiininy caloriHieter curves for glassy polymer. O'Unagedi 2) Aged 85 "C, 
*) 1U0Z RM. 61 days; 3) Aged US "C. lOftZ Ml. 103 days; 4) Aged 55 "C. 100X RH. 103 days. 



f 
f 



70 



60 
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10 



-a 27% RH 



/ 0% RH 



0% RH 



1 



1 



12% RH 



20 



40 60 
DAYS 



80 



100 



Re-agfS;*|5"fr°^21!^?'^^'?°^^'=!P''^??"^P°^y"'^^^^ elastomer. Preaglng, 85 1002 RH. 
aging 85 C. RH as indicated. [A]: 27% RH; ]2% RH; 0. 0'4 RhJ x! CA-2] (Dashed line). 
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Poly(ethylene terephthalate) Is being studied In order to predict 
Its long term behavior as the base of the film and tape used to record archival Infor- 
mation. This report contains results of the first year's work. Film base, with and 
without photographic and other coatings, was aged at sev^S t;npera?urJr;nd humidities 
tfZ\Vl\ "l?'"lf properties and molecular weights wer? measured at lS?irvau7 
Degradation was relatively rapid at temperatures of 115. 100. and 85»C at lOOX relative 

n^S^y'iis u\ k'J/™?" I!?.;*.'''' "5^"* sdsslon/g-da; and'Se alifvaJlo 

?!«^??- ? V '^//""l- decreased strongly with relative humidity, becoming neg- 

! 2lfi; f« 5"^ nitrogen. At 55«^C and lOOX relative humidity degradation was not 

^lin^S.l^L?!^^ embrittled by the Introduction of aboC? 

/9- Differential scanning calorlmetri 
Showed 'itt e change n melting behavior of semi crystal line samples aged at 55 and SS^C 
Glassy samples crystallized during aging at 85''C but not at 55»C 
urothUS" ^*E!^'*f*?i 0" Polylethylene terephthatate) usually have a polyester poly- 
s^?^5fVl"2*^^''?^ IS^^'i"' ™9net1c particles. The binder is thought to be morS sw- 
sitlve to hydrolysis than the tape base. Results obtained with a thermoplastic polvestei 

that there may be an equilibrium extent of degra5it!?S "r anf t"a5 
condition. It Is anticipated that the study will go on for four more years. ^ 

^S?hl?ai:?^4K^^ '^''^'''^^ P0ly(ethylene tere-^ 
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PREDICTION OF THE LONG TERM STABILITY OF POLYESTEB-BASED RECORDING MEDIA 



by 

Otnlal w. Brown, Robtrt E. Lowry and Lasll* E. Salrh 
National Buraau of Standarua 
Waahlngton, DX. 20234 



Aba^rrru 

Tha atabUlty of poly(athylana taraphthalata) la baing atudiad In 
ordar to pradlct Ita long trra bahavlor aa tha baaa for flla and awgnatic 
tapa. Thia raport cental na rasulta of tha 8ac,:;id yaar'a work. Flla baac, 
photographic fll^, and alactrographic flla ara baing agad at aavaral 
taaparaturaa and ralvtlva hualdltlaa, RH. Acid contanta, aachanlcal prop- 
artlaa, and aolacular aalght hava haan asaaurad at Intarvala. Tha rata of 
Irsra-ca In acid contc ^, k, provldaa a uaaful aaaaura of tha dagradatlon 
rata. Data for fllaa agad bataaan 119 and 55 C at 100 X RH obay tha 
aq'iatlon In k » - (14000/T), ahara k la In X/day and T la ':ha abio- 
luta taaparatura. Tha aatar contant la Includad In k, ahlch la approxla- 
ataly proportional to RH. Lifwtlaaa of tha rllaa appaar to ba aqtial to 
69.3/k daya. Extrapolation to 25 and 20 C givaa 400 and 900 yaara for tha 
llfatiae at 100 % RH. A aora aanaltlva analytical aathod than noa uaad 
will ba raqulrad to aaka uaaful aaaauraaanta of acid contant at Sf) C, avan 
aftar aaaplaa hava baan agad for fiva yaara. Two fllaa have alwaya fallad 
bafore tha othara. Tha ahort-Uvad fllaa alght wall ba ktorad with othara, 
ainca fallura of tha foraar would warn nf t,ha approachlnp fallura of tha 
lattar. 

Hagnatic tapaa ara alao baing agad, prlaarlly to atudy tha blk.de. 
that holda tha aagnatic cxida to tha aubatrata. Bindar on fiva braiada of 
tapa that wara agad at 60 C bacaaD croaallnkad at RH of zaro and 4I %, 
changad ir^tla et 30 X RH, but dagradad at 100 % RH. Tha bindar on tapaa 
agad at 85 C and 100 % RH ff-t dagredad savaraly t>nd than appaarad to 
croaalink allghtly. Badl;* dagradad bindar waa not guaay but waa aaaily 
datachad froa tha aubatrata. Modal bindar agad at 85 C and 100 % RH 
avantually bacaaa brlttla. 
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Key wordi: dagrida^lon; hydroLytlt; Llfttlat; MQMtlc tipa; photogrephic 
fUa; poLy(ethyLini tiriphthsLeti); stsbUlty 

1J) mtrnduntion 

Otte of Mny kindi irt ricordid and storad on photographic film and 
Mgnatic tapa. Both sadia contain an actlva aLaaant In a diaparaing aadlua 
uondad to a aubatrata conalatlng of poLy(athyLana taraphthaLatalf PET. A 
PET*-baaad aLaotrograpbIc film la now available vhlch can bo ravlaad. Tha 
LIfatiM of tha PET undar coHHon atoraga condltlona la vary Long but not 
known, Tha Llfatlaa of tha diaparaing Mdlua for tha Ircn oxida partlcLaa 
of aagnatic tapaa la aLao uncartoln but la axpactad to ba Laaa than that 
of PET bacauaa tha aadlua la baaod on poLyaatar poLyurathana, ahlch la 
knaw^ to ba hydroLy t1 eaU^y unatabla. For thaaa raaaona, i^ha National 
Archlvaa la apnnaoring an anvlronnantal aging atudy of PET and aagnatic 
tapaa at liha National Buraau of Standarda. Thia la tha aacond annual 
raport In ahat la axpactad to ba a atudy laating fiva yaara. 

Tha raaulta alth PET In tha firat yaar vara conalatant ^Ith tha 
Utaratura. Hydrolytio dagradatlon aoa tha mat Important procaaa. About 
100 daya aging at BS C and 100 X ralaflva hualdlty* RHt Mda PET aaak and 
brlttla and raduc^d Ita aolacular aalght fro« about 24000 to 12000. Agfng 
for up to about ISO daya at 0» 25, and SO % RH at BS C and at 100 X RH at 
5S ind 35 C cauaad alaoat nagllglbla changaa In tanalla atrangth, alonga- 
tlon. and aolacular aalght. About ona chain aolaalon per aolacula or S X 
10*^ nol aclaalona par graa br&right about aabrlttlannt, but tha Inpracla* 
Ion In thaaa quanti tiaa aaa about SO Thua, although PET appaarad ax- 
tranaly aanaltlva to changaa In aolacular walght, auch ttaaauraaanta wara 
not a practical way of aaaaurlng tha vary aaall anounta of dagradatlon 
nacaaaary to aaaaaa changaa at 55 and 35 C or thoaa urrlar amblant con'^l* 
tlona. 

Acid contant la anothar (ooaalbla neasura of dagradatlon, ainca aach 
hydrolyala raactlon ganarataa an add group ahan It braaka tha polynar 
chain. Wa hau procurad a potantloaatrlc t1trator,1n oroar to naaaura acid 
contant, but had not had an opportunity to uaa It bafora tha firat raport. 

Polyaatai' polyurathanaa vara known to ba auacaptlbla to hydrolyala, 
80 thia waa axpactad to ba tha raactlon that datarnlnad tapa Ufatlma. Our 
own atuilaa with Mgnatio tapa had not baan atartad at tha tlna of writing 
tha firat raport. It had baan raportad that tha t. gradation of tha poly- 
aatar polyurathana bindar, which holda tha aagnatic oartlclaa, waa llnltad 



by ttM •quUlbrluM bttwMn hydrolyald and ••tcrlflntlon and It waa con- 
cLudad that tapaa atorad at 18 C and 4Q X RH ahould ratal n accaptabla 
proptrtlaa Indaflnltaly bacauM of thia [11. Wa oquUlbratad polyaatara 
and t«o polyaatar polyurathanaa at varloua RH and^ concludad that hydroly- 
tic oqulllbrlua did not pravant aarloua loaa of propartlaa [21. Howavar, 
tapa bindar diffara fro» tha polyMra that «a atudlod In that It la highly 
croaallnkad and u My bahava diffarantly. 

In tha aaoond yaar of «ork BQinqM hava baan contlnuad and additional 
dau of tha aam kind obtalnad. Acid oontant Ma ava luatad aa a Mana of 
aiMaurIng dagradatlon of PET. Co«Mrc1al Mgnatic tapaa Mra agod and ara 
baing avaluatad aa In rafaranca [11. 

2J) Exparlaanta L 

PET naplM Includad coatad and uncoatad aloctrographic flln, axpoMd 
and davalopad photographic fH«, and uncoatad flla baM, all cosMrclally 
aval labia. Moat of thaei Mta^Mala Mra provldad by tha National Archlvaa 
but M purchaMd tha f1l« baM. Wa Mra alao givan aaorphoua PET. Som of 
thia Ma cryatalll2ad and aoM «aa 8tratchad unlaxlally without cryatall- 
Izing It. ExparlMnta «1th tha lattar t«o aaaplaa ahould giva ua som 
knowladga of tha affact of cryatalUnlty and orlantatloi; on hydrolyala. 

S/isplos of PET vara agod In cloaod contalnara abova aatar or aolu* 
tlona or LICl at taaporaturaa of 85, 70, SS^ and 35 C and RH of 100, 50, 
and 25 X. At Intarvalo tanalla atrangth and alongatlon wara naaaurad on a 
tanalla taating Mchlna and nolacular Might Ma naaaurad by gal paraaa- 
tlon chroMtographj,! aa daacrlbad In tha pravloua raport. Othar agings 
wara dona In boiling aatar. 

Acid contant waa nMaurad by potantloMtrIc titration with tatrabutyl 
aiBMnlua hydroxida In athanol aa baaa. Tha polymar waa diaaolvad In a six* 
tura of o->craaol and chlorofora. Tha titrator adda Incrawanta of oasa whan 
tha rata of changa In tha voltaga haa dacraaaad to scsa praMt valua. Tha 
and point la raachad whan tha diffaranca batwaan tha voltagaa at succaa** 
alva Incramanta firat axcaada and than dropa balow aona prasai; valua. Tha 
naaauranant la praclsa to aboi^^ 2 X 10*^ mol acid. This nathod was uaad 
bacauaa It la baing conaldarad aa a atandard for tha PET baM of photogra*- 
phic flln cartlfiad for achlval um. 

Tan rolla aach of six branoa of aagnatic tapa wara purchasad. Rolls 
contain 750 faat of tapa axcapt for ona sat of 2000 foot rolla. All spas 
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• ra 1/2 Inch «1da and art eartlflad for 6250 bpl. Tapaa «ara tha aost 
axpanalva that tha auppllara of farad sxcapt for tha 2000 foot rolla, for 
which aora axpanalva and laaa axpanalva gradaa ara both baing taatad. 
Tha tapaa ara baing agad at taaparaturaa of 86, 60, and 37 C and RH of 0, 
11, 30, and 100 %, 

Nodal tapa bindar waa aada In ordar to axplora af facta In tha abaanca 
of tha Mgnatic parti claa. A coaaarclal poLyaatar polyurathana «aa dia- 
aolvad In tatrahydrnfrran. Enough toluana dllaocyanata «aa addad to raact 
with aach urathana group. Tha tatrahyorofuran waa avaporatad and tha 
ilxtura waa haatad at 100 C for fiva daya. Tha raaulting croaallnkad flla 
was axtractad with tatrahydrofuran. Tha aol contant waa laaa than 1 %, 
Sanplsa wara agad at 100, 50, and 25 X RH at 85 C. 

Nagnatic Iron oxida waa procurrad and addad to a tatrahydrofuran 
solution of tha saaa polyaatar polyurathana aa abova. Tha tatrahydrofuran 
waa vaporlzad and tha aaapla waa agad at 100 X RH and 85 C for 14 days. 
Olftitthyl foraaalda waa addad and tha Iron oxida waa raaovad by cantrlfuga- 
tlonw Tha add contant waa than dataralnad. 

7ha wslght fraction of bindar layar on coaaarclal tapao waa datar- 
alnad by laaaraing about 1.6 g of tapa In acatona and than acraping tha 
softanad bindar and aaaoclatad oxida off thfc PET aubatrata. Than tha 
acatona waa avaporatad and tha driad acraptnga walghad. Tha organic coapo- 
nant was than burnad off and tha rasldue waa walghad, g1v1r.g tha aaount of 
Iron oxida. Tha organic contant of tha bindar layar waa taksn aa tha 
diffaranca batwaan thaaii watghta. Solubla portlona of tha tapa wara 
dstsralnad by uncoiling about 50 faat Into a 4 lltar baakar. This was 
axtractad with two 750 ca3 portlona of tatrahydrofuran for a total tiaa of 
1 hour. Tha sol fraction waa dataralnad by drying snd walghing tha tape 
and by evaporating tha filtered solvent to dryneee and weighing tha real- 
dus. Pinal walghlnga were aada after 60 hours of evacuation. Tha tapae are 
quite hygroecopic and walghlnge sere aeda In cloaed containers. 

The edheelon of the binder leyer wee tested by epplying 3/& .nch-wlde 
sticky tapa to tha bindar Uyer of unaxtrected tapa snd peeling It off In 
a testing aschlne. The force required went through sn Initio I naxlaua and 
than dacreeeed and bacaaa approxiaetely conetent during aost of tha peal. 
Tha letter force waa taken aa tha peel atrength. Tha nolee level during 
tha peel waa about 1/4 to 1/2 as Isrga es the value taken, so ths peel 
strength Is not very precleely known. Despite this It should be signifi- 
cant because It varlee widely batween brende of tepe snd even between 
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rolls of this WM brtnd, In tht mm of ona brand. Paal atrangtha on othar 
branda did not changa froa roll te roll. 

Ganarallyt fiva SQ-foot langtha of a slngla tapa vara agad in a 
cloaad jar at aach taaparatura and hualdlty nantlonad abovo. Solutlona 
aaturatad «1th UCl and CaClg gava 11 and 30 % RH. Nolacular siavaa wara 
uaad to gat 0 % RH. Individual langtha of tapa vara raaovad at Intarvala 
and tha sol oontant and paal atrangth vara iiaaaurad as dascrlbad abova. 
Tonal la atrangth and alongatlon vara also Maaurad. 

3.0 BfliiiUt 

3.1EfiIj. 

3.1.1 PrallMlnarv ^^lA Maaauraaanta, Tha AMrloan National Standarda In- 
atltuta Vaalcular / Tonad Imga Taak Forca ran a round robin uaing two 
Mthoda of naaaurlng acid contant In PET. partlclpatad In thia In ordar 
to gain axparlanca with tha titrator and tha tachnlqua. Fiva aanplaa of 
PET wara analyxad In dupUcata by tha two aathoda. All laboratorlaa pra- 
farrad tha Mthod daacrlbad In tha Motion abova. Tha ranga of acid con- 
tanta of tha aanplaa waa 0.29 to 0.50 X aqulv^g and our valuaa wara 
within that ranga. A Mcond purpoM of tha round robin waa to naaaura tha 
effact of tha accalaratad aging daacrlbad In ANSI PH1.41-1981 on acid 
contant. All laboratorlaa found no algnlflMnt affact^ 

Our laboratory offarad to try to find condlclona that would offar a 
mora naanlngful accalaratad aging taat. Sanpiaa of PET polynara wara agad 
In boiling watar and portlona wara ramovad at intarvala. Tanalla atrangth, 
TS, alongatlon, E, and acid contant, [A], nnrn naaaurad aftar tna aging 
waa andad. Tha polynara uaad wara tha flln baaa ^hat wa uaad pravloualy 
and tha Mnplaa fron tha round robin tfrmt had the ^Ighaat and lowaat acid 
contanta, daalgnatad hara aa E and F. Tha raauLta obtalnad ara Uatad In 
Tpbla I. Valuaa ara ganarally naana of two or nora datarnlnatlona. 

Acid contant IncrMMa with aging tina. Aftar 17 daya tha diffarencaa 
batwaan acid contanta of tha thraa aanplaa had Incraaaad by factors of 
batwaan thraa and four. Tanalla atrangth and alongatlon dacraaaa with 
^?1ng. About ona third of tha flln baaa ranovad aa ona placa at 14 taya 
broka whan It waa craaaad. Tha ranalndar, alao ona placa, old not braak 
whan craaMd. Acid contant, tanalla atrangth, and alongatlon all IndiMta 
algnlflcant diffarancaa batwaan tha two portlona. Tha raason for thia 
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bthavlor Is unknown. 

Titrations oro boLlsvod roproduclbLo to about 2 X 10*6 oqulv. oclti. 
Thoy voro dono In dupUcoto axcapt foi ooapli E at 17 daya. Tha avaraga 
diffarance batwaan dupLlcata datarnlnotlona waa 22 X icr^ aqulv. 12A X 
10*6 aqulv. atd. davj. Portlona of polymr uaad uaually contalnad about 
10*^ aqulv. of acid, ao tha ralatlva lapraclalon la about two par cant. 

Hydrolyala of PET la catalyaad by acid and la autocata lytic bacauaa 
of tha acid ganaratad [31. Tha raactlon la: 

k 

"go + -(C6H4QD2C2"402CJ ^ -C6H4CX)2H + HQC2H4O2C- (1J 

A 

Hara A rapraaanta an acid group and k tha rata conatant. Tha watar and 
aatar contanta changa Uttla during tha portion of raactlon of Intaraat ao 
thay can ba Includad In tha rata conatant. Tha diffarantlal aquation 
connocting [A] and tiaa, t, la (d£A]/dtl » k [Al, vhlah Intagrataa to 
InllAl/CAg]) a kt, whara tha aubacrlpt Indlcataa tha Initial concantra- 
tlon. Fig 1 la a plot of ln(£A]/£Aoll varaua t1aa« Tha alopa la approxla- 
ataly tha aaaa for tha thraa polyaara, 8.0 X / day. Thia rapraaanta tha 
rata of Incraaaa In acid contant. 

An Initially graatar acid contant raaulta In graatar Incraaaaa In 
acid contant during aging. Thua tha tachnlqua Mkaa diffarancaa batwaan 
poLymara «ora obvloua. Proa thaaa data It appaara that polyaar F original- 
ly had a highar acid contort than E. 

Elongation of flln baaa changaa vary auddanly batwaan 10 and 14 daya 
aging. Ona alght think of uafng a tan day aging parlod In boiling aatar aa 
an accalaratad taat and aaking tha critarlor of fallura ba that tha acid 
contant not axcaad 10*^aqu1v/g at tha and of that parlod. 

3*1-2 SSL ai 8& Acid contant, nuabar avaraga aolacular walght (H„),tan- 
alia atrangth, and alongatlon for tha unagad PET aatarlala ara In Tabla 
II. Tha Initial ranga of acid contant la 0.31 to 0.48 X lO''^ aqulv/g. 
Aging at 85 C at 100, 50, and 25 % RH Incraaaaa acid contant and raducaa 
tanalla at.tngth and alongatlon, avantually aabrlttUng tha aatarlal. Data 
in Tabla III ahoa thaaa af facta for tha flla baaa. Sanplaa of agad poly- 
nara aara anall and tha lapraclalon In [A] la about 10 %. "Y** or '^N** In 
tha coluan haadad *Craaaa^ Indlcataa ahathar or not tha aaaplaa could ba 
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crMMd without brMklng. Elongation suat bo vary Low for fallura to occur 
ainca aaapLaa could ba craaaad that had aa Llttla aa S X alongatlon. 

Hicrof llaa A and B, ancapauLatIng f ILSf and coatad alactrographic 
flla 0 bahavad about tha aau aa flla baaa. Uncoatad alastrographlc flln C 
bacoM brlttla auch aarllar. It fallad tha craaaa taat at 61 daya at 100 % 
RH, 81 daya at SO % RH, and 341 daya at 25 % RH. Coatad alactrographic 
f1L« C fallad at IntaraadlaU tlaaa: 81, 146tand 850 daya at 100, 50, and 
25 X RH, raapactlvaly. It la uncartain ahatbar tha allghtly highar Initial 
acid contr c of tha C fllaa cauaad thair aarly fallura, bacauaa thara vara 
alao Initial diffarancaa In alongatlon and haat of fualon, coaMntad on In 
tha tha firat raport. PraauMbly thaaa diffarancaa ara dua to varlatlona 
In orlantatlor and cryatalUnlty , ahlch could affact tha bahavlor In 
hoatlla anvlronnanta. 

Changaa In M„ of far an altarnatlva to acid aaaauraaanta aa a aaana of 
calculating tha rata conatant, k. Each hydrolytic aclaalon Incraaaaa tha 
nunbar of acvd groupa and ^ha nuabar of polyaar laolaoulaa by ona, aa ahoan 
In raactlon 1, Thua tha changa In tha conoantratlon of acid groapa, [A] * 

CAg], la tha aaaa aa tha changa In tha cuncantratlon of poiymr noliculaa, 
ACHn^l), 80 that [A] » [Agl ♦ACM^^Ij (([^^j] ♦ ACHp-l J J/CAqIJ s kt. 

Valuaa of k vara calculatad froa thia axpraaalon and froa ln([Al/[Ag] « kt 
by aaauaing a Unaar variation of tha logarlthalc quantltlaa aith tlaa and 
uaing tha aathod of laaat aqoaraa to calculata tha alopaa, daalgnatad k^ 
and kA» raapactlvaly. Thay ara Uatad In Tab la IV. Tha lapraclalon Indl* 
Gated la tha atandard arror; whara nana la givan only tao polnta «ara uaad 
to calculata tha alopa. Tha avaragaa of tha valuaa In aach colunn ara 
Uatad at tha bottoa of tha tabla with thair atandard davlatlona. Nalthar 
k aaaaa to dapand on tha particular flla uaad but valuaa of k/^ ara 
aoaaahat largar than k^. Probably thia la dua to soma ayataaatlc arror In 
tha Bolacular aalghta, which vara aeaaurad by GPC. For practical purpoaaa 
I^M and k^ ara "raatad aa tha aaaa quantity, k. 

3.1 .3 ££I 11 115, 2JL. &Su ^ Ul IM %Bh. A aanpl0 laf t from laat year 
that «aa agad for 13 daya at 115 C and 100 X RH In a aaalad glaaa tuba haa 
an acid contant of 7.35 X aqulv/g. Tha valua of k^ 1^ 22.6 X/oay. 

Data obtalnad with flla baaa and alcroflln B at 70 C are In Tabla V. 
Tha acid contanta of thaaa aaaplaa have not yat been dataralned. Values of 
k|y| are 0,25 end 0.19 X/day for flla baaa end alcroflla 6, reepactlvely. 

Most of the eaaplae egad at 55 C and 100 XRH have shown no s1gn1f1«* 
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cant chang«8 In bdnsiba strangth, alongatlon, or noleeular walght in 
alnoat two yaara. Ho«avar, tha alongatlon of tha film basa of uncoatad C 
Maa only 63 X, down significantly froa 180X. Thara haa also baan a algnlf- 
Ica.i: ....r.ya In tha acid nuabar of tha flla baaa. Duplicate datarnlna' 
tlona on aaaplaa which aach had about 0^ X 10"^ equlv. of acid gava acid 
contanta of and 0^ X 10'^ aqulv/g aftar baing agad for 586 days. 
Tha svaraga valus of Is 0.037 %/ day. 

No datactabla changa occurrad in tha PET In aaaplaa agad for t«o 
yaara at 35 C and 100 XRH but tha coatlnga on tbaaa fllaa ha'va datarl' 
oratad avan at 35 C and 25 X RH. Tha ga latin layar of tha alcrofllaa haa 
bacoas atlcky and avan dIaappaaraC laaadlataly abova tha LICi aolutlon. 
Elactrographic fllaa 0 and coatad C hava diacolorad. Wa hava no aaaples of 
thasa alth laagaa and ao csn not asssss ths sffsct on ths IsglblUty. 

3.1 .4 LI fttlll a£ CEl Fig 2 Is sn Arrhsnlus plot of ths ruts constsnts st 
100 % RH. Ths Issat squsrss Una Is shoan. Tha slops of this Uns givss sn 
sctlvstlon snsrgy of 117 kJ/aol or 28 kcsl/aol. This vslus sgrsss asll 
alth 27 kcsl/aol that «a gava last yssr snd slso with ths vslus 29 
kcsl/aol found by McHshon st si. [41. 

Ths glsss trsnsltlon tsapsrsturs of PET Is sbout 70 C, so finding 
thst ths rsts st 55 C fslls on ths asas Arrhsnlus I'.ns ss rstss sbovs ths 
glass tsapsrsturs lapUas thst It Is vsUd to sxtrspouts to still loasr 
teaparsturss. This sss dons to givs rstss st 100 X RH st 35, 25, an^ 20 C. 
Tha Ufatlaa, tj^, can ba astlaatad froa thaaa rataa aa follows. Osts In 
Tablss I snd III Indlcsts thst ths scid contsnt spproxlastsly doublss 
bafors ths tanslls strsngth snd slongstlon dstsriorsts asriously. Conss- 
quantly, ths Lifstlas ass tsksn ss (In 2)/k, ahsrs k Is ths fractional 
rata of changa In tha acid contant. Valuaa of at tha thraa taaparaturaa 
abova arf "^out 90, 400, and 900 yaara. Osts In Tsbls IV Indlcsts thst 
llfstlasa st SO X RH st ths ssas tsapsrsturss should bs aors thsn talcs as 
lung. Ths Ufatlaas sgrss with thois sstlastsd by Adslstsin and He Craa 
[51. 

It la gratifying that thaaa aatlaatad tiaaa are ao long but It should 
be noted that tha reeult 1e greet ly dependent on the value at 55 C. The 
acid content et 55 C should double before thie etudy anda, which will 
paralt acre eccurete aeasursasnt of k. It Is dsslrsbls to gst a aeeaura- 
nent at 35 C to reduce the extrepoletlon renge.The chenge In acid content 
at 35 C ahould ba about 2 X after five yeara, which will ba barely algnl- 
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f leant with th« currant Mthoda. 



3.1.S EiLiu£t BiAOt llltL C£I Tha aglnga aUL ba contlnuad and tha acid 
contant at 55 C «Ul ba datarmlnad alth battar praclalon. It la daalrabla 
to aaaaura tha acid contant «1th about 10 fold graatar praclalon than noa 
baing dona. In ordar to aaaaura k at 35 C. I-icraaa1ng tha aaapla alza 
would halp to aoaa axtant, but It la alraady larga and uaing auch aora 
would axhauat avan our largaat aanplaa fairly quickly. An Infrarad nathod 
haa baan daacrlbad [6] that Involvaa axpoaing PET to aulfur tatraf luorlda. 
Thia convarta acid groupa to acid flourlda groupa. Thaaa abaorb far anough 
frooi tha aatar carbonyl abaorptlon to appaar aa a aaparata paak. Wa Intand 
to taat ^la Mthod uaing agad aanplaa with knoan aaounta of acid. 

Orlantad aaorphoua PET la baing agad at 70 C and 100 X RH. Unfortun* 
ataly, aging It at 85 C cauaaa cryatalUzatlont ahlch «a alah to avoid. 
CryatalUna PET la alao baing agad. Raaulta froa both aanplaa should ba 
aval labia In about ona yaar. Thay ahould giva Infornatlon about tha rala-- 
tlva Inportanca of anorphoua and cryatalUna raglona In tha dagradatlon 
procaaa. 
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32.1 aifihoround Magnttlc Upta conslat of FtgOQ partlclas disparaad In a 
polyaatar polyurathana-baaad bindar that la bondad to a PET aubatrata. 
Convaraatlona with aanufacturara «ho aupply producta to t«pa producara 
Indlcata that aagnatlo tapaa ara uda In tha folloalng aannar. Tha oxida 
la coatad «1th a vatting agant, ahlcb aay ba butoxy athyl ataarata or 
athyl ataarata. A cMMrolal polyaatar polyurathana la diaaolvad In tatra- 
hydrofuran. To tbia ara addad tha oxida and a aultl functional polysarlc 
iBocyanata Tha auapanalon la appllad to tha aubatrata and tha coabi nation 
Is than haatad to raaova aolvant and bring about raictlon bataaan tha 
urathana and laooyanata groupa to fora allophanata Unkagaa: 

-ma * -NHCOg NHC0lSc02- (2) 

Catalyata ara uaad to apaad up tha raactlon and a coupling coapoi -i aay ba 
uaad to aaka tha bindar adhara to tha aubatrata. Tha bindar la highly 
croaallnkad bacauaa of tha allophanata raactlon. 

Thara ara about 10 aliphatic aatar Unkagaa bataaan urathana Unka In 
tha original polyaotar polyurathana. Thaaa ara aora aubjact to hydrolyala 
than tha aroaatic aatar Unkagaa of PET and aoat polyaatar polyurathanaa 
dagrada to soft non- rubbary aatarlala in 10-15 daya at 85 C and 100 X RH. 
Tha hydrolyala obaya tha aaaa kinatic equatlona aa tha PET hydrolyala [7]. 
Lifatlnaa undar aablant condltlona ara auch longar, but In wara aolst 
envlronaanta polyaatar polyurathanaa iiava baan known to fall in thraa 
year a. 

Magnatic tapaa uaually laat longar than this, parhapa because their 
envlronaent Is not very hua1d» but enother factor seems to be Involved. 
Cuddlhy [8] shoaed thet the ecetone-extrectable frectlon of tape binder on 
tapaa aged for up to 85 deye et 36-75 C Increeeed at 100 end 30 % RH but 
decreaaad at 11 end 0 % RH. He ettrlbuted the decrease to ssterlflcatlon, 
the revarae of reaction (1), and predicted thet tapes could be stable 
indefinitely because of the equlUbrlua between asterlfl cation and hydrol- 
ysis. Oacreasing the taaparature at conatant RH Increaaed tha eaterlflca- 
tlon tendency, leeding Bertrea end Cuddlhy to recoaaend 18 C and 40 X RH 
aa Ideal atorege condltlona [11. They founo thet tepee ?ould be used 
without probleaa If the content of extrecteble was leea shen twice the 
Initial value. Working with eoluble polyeetsre end polyester polyurs- 
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Uwrat, «• found that acid contant at 35 C and 25 XRH changed in 3QQ daya 
fro« 3^ to 3 J X 10"4 aquiv/Q, Inplying that aquUlbrlun waa near or that 
tha tiaa to raach aqulUbrlua waa vary long [2]. Tha aolacular walght 
should aqual [Al'l g/moi ao It could ba aa low aa 27QQ. Spaculatlona «ara 
Mda that tha high croaa link dan-ity of tapa bindar ancouragad aatarlfl- 
catlun or cauaad tha bindar to raaain aa gal daaplta having aany choln 
anda [21. 

Cuddlhy workad «1th only about 1^ g of tapa In hia aanplaa and tha 
walght fraction of acatona axtractabla antarlal rangad fron 10 to 80 oig. 
Hia data ara for ona unldantlflad brand of tapa although ha notaa that 
othar tapaa bahavad alallarly. Tha uaa of acatona aa an axtractant ralaad 
tha poaalblUty that aolacular nalght Ualtad tha walght of axtractablaa, 
baca uaa acatona doaa not coaplatalj diaaolva tha polyaatar polyurathana 
uaad to aaka tapa bindar. Our naaauraaanta with thia polyaatar polyura- 
thana gava 7000 and 28000 for tha aolacular walghta of tha acatona-aolubla 
portion and tha whola polyaar, raapacti valy. For thaaa raaaona It waa 
dacldad to repaat the Cuddlhy procadurea uaing tatrahydrofuran to extract 
10-15 g saaplaa of aaverel brende of tape. 

32.2 InUlflL lAflt Chracf rlatiea Teble VI Hate the veight parcantagae 
of tha binder leyer (oxide plua eaaociated binder end other organic con- 
ponenta) and the sol content of eech unagad brand if tapa. The peel 
strength 1e also givsn. The leet two coU'ens give the weight parcentege of 
organic materiel In the binder layer end the portion of this organic 
material that 1e extrecteble. Theae two quantities are dependent on the 
weight of Iron oxidee end ney be Ineccurete If the oxld'-s changed when the 
orgenic component wee burned off. Tape 1 hea a back coat that contalna 
carbon. Soluble componente of thie ere Included ae "Sol" and it wes aa- 
aumad that the coeting wee 50 X carbon In calculating the value In the 
leat column. Tape 3 contained en eceton>3-ecluble white crystalline meter- 
1b I thet appeered ee e real due surrounding the fragmanta of binder layer 
when the ecetone hed eveporeted. Thia wee not observed with the other 
tepee. The Sol waa determined from the weight loea of the tape except with 
tapa 4. Tha binder leyer fell off thia tape ae soon ae It waa inmersed In 
tetrehydrofuren so ths sol content wee deteralned by filtering the mixture 
and eveporeting the aolvent. 

Double listings jndsr Sol givs results of duplicate detarrolnetlons 
end give soms feeling for the Imprecision of the meeeurements. These 
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dupL1c«tt« utrt •vtrtgtd In ctLculatIng tha aoL as a parcantaga of tha 
organic oosponant of tha bindar layar. Tha asounta of aol and tha paal 
atrangtha vary vIdaLy froa tapa to tapa. A graatar than aign maana that 
tha bindar layar did not paal off. Paal atrangth of tapa 5 varlad fron 
raal to raal, accounting for tha «1da Uslta Uatad. Portlona taKan at 400 
foot Intarvala on ona raal aach of atrongly adharing and vaakly adharing 
bindar ravaalad no aaaplaa fros which bindar «aa atrlppad froa tha for mar 
raal and no atrlpping forca graatar than 40 H/m fro« tha lattar raal. 
Maaauraaanta hava not yat baan parforaad on tapa 6, vhlch la tha nora 
axpanalva of tha two gradaa of tapa purchaaad Trom ona auppUar. Tapa 5 la 
tha laaa axpanalva of thaaa t«o gradaa. Tha auppUar of tapaa 5 and 6 la 
not a sanufacturar, but haa tapaa aada to hia apacif Icatlona and a^lla 
tha« undar hia o«n labal. Tha othar tapaa baar Mnuficturar'a labala and 
vara purchaaad froa authorlzad ratal lara. 

3JZJi Taoaa li fiS. (I BlUl IflU 3L BU Tabla VII givaa raaulta obtalnad by aging 
four branda of tapa at 86 C and 100 X RH. Tanalla atrangth and alongatlon 
aara sarloualy affactad aftar 46 daya. Tapaa 1 and 5 broka during 
handling. Acid contanta of thaaa tapaa will ba datarnlnad. Tha sol content 
goaa through a mxlaua. Tha paal atrangtha vara lo« but vara not Maaurad 
becauaa tha tapaa vara rathar brittla. Nona of tha bindara bacama aoft or 
gufflsy during aging. Inataad thay tandad to flaka off, and It was nacaaaary 
to datarnina aol fractlona by avaporating tha tatrahydrofuran. Ordinary 
polyaater polyura thanaa would ba vary soft aftar 46 days undar thasa 
condltiona. 

3.P.4 luufi al gfil Tabla VIII shows ths sf fact of aging the tapes for 85 
days St 60 C st 0, 11 » 30, snd 100 X RH. Vsluae for tha uneged tepee are 
included. Tha eol contente ehow the eawa trend as Cudd1hy*s dste: de* 
craassd sol at 0 snd 11 XRH snd Incrssssd sol st 100 % RH. Aging at 30 % 
RH csusad Uttli! chenge In the eol content. Peel etrength decreeeeu to 
ebout 2/3 of Ite original value In tepe 1 end to 1/10 of Its orlglnsl 
vslus In ths other tapae at 100 % RH. Aging at lower RH caueed smsllsr 
changss In peel etrength. Signlflcent loee of peel strsngth occurs at 30 % 
RH, which might limit tapa lifetime. None of the binders appears to hsvs 
softsnad during aging. 

Pssl strsngtha have been meaaured at othar timee durinq thaaa aglnga. 
Host of ths loaa of atrangth occur a In the firet 40 deye. 
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Tanslla strmgth and •longatlon have not yet changed elgnlflcantly In 
any aampla at 60 C. 



3^.5 Hadli atluliU Tha nodal tape binder did not soften when aged for two 
months et 86 C et eny RH. Ineteed eanplaa becene stiff er and that aged at 
100 % RH Is ectuelly brittle. Theee reeulta eppear conaletent with the 
obaervetlon thet binder leyer on aegnetlc tapee eged at 60 and 85 C did 
not aoften. It oey be thet there ere reectlone in eddltlon to hydrolyele 
and aaterlflcatlon and thet eoae currently unknown reectlon brings ebout 
croee Unking. 

The eeaple of the polyeatar polyuretheno thet wee nixed with negnetic 
iron oxide and aged et 85 C end 100 X RH forned ecid faeter than polyester 
polyurethene without tha Iron oxide. Thus It eppeere that tape binder 
ought to be dee^iblUzed by the heevy loedlng of iron oxide. 

3^^ EiUUU ALftOa litll aiflOB£l£ HAftA The eglngs will bs contlnusd. Re- 
sulta froa tha aglnge et 37 C will be obtelnod wlf'^-'n e few nonthe. It 1e 
plenned to put dete on tepee froa eech euppUer and store thea et 50 and 
100 X RH et 20-25 C. Theee will be reed et Intervei i. More axperlaente are 
planned with node I binder polyaers. 

4J3 Diacusaion 

The findings with PET Indlcete thet the aetdrlal should be quite 
stable at anblent condltlona provided thet the process by which PET Is 
nsde and the rether specific coablnetlon of orlentetlon and crystalllnlty 
now given the polyaer ere not chenged. If chenges wsre to be mede, soae 
knowledge of theli* effect on stability would be ueeful. 

One could nake uee of the feet thet coeted and uncoatad fllraa C lose 
tenslls strength and slongetlon feeter then the other neterlala. Sanplee 
of flla C could be etored under the eeae condltlona ae filne used to store 
archival Inforaatlooc Our reeulte Indlcete thet uncoeted C would fall 
firet, followed by coeted C. There would be eapls tine before the failure 
of the fllns contelning erchlvel informetlon for it to be copied on fresh 
mstsrlal. 

The changes In the coatlnge under relatively nlld conditions are 
sonewhet disturiilng. Ths fllns ere expoeed to leboretory light for about 
1/3 of the tine. Oeterloretlon of the coetlnge Is usuelly worst Innedleta- 
ly aoove the liquid Interfece. Photogrephic gelatin hee been ussd for s 
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very Long tint tnd It our Inpraselon that It would ba atabla at 35 C 
at Lou RH. 

Tha atudlaa alth tapaa ara not far anough along for ua to hava cona 
to any firm conclualona. Hoaavar, aa auapact that othar raactlona than 
hydrolyala and aatarlflcatlon play a algnlf leant part In tha procaaa. 

SJ) Syarv 

PET haa baan agad for about t«o yaara. Saaplaa agad at 100 X RH at 85 
and 70 C datarloratad ralatlvaly rapidly. Ona particularly lablla aaapla 
shov/a loaa of tanalla atrangth and alongatlon aftar aging at 55 C and 100X 
HH. Lowar RH raaulta In oiuch alovar degradation but all PET aanplaa at 25 
X RH and 85 C loat «oat of thair tanalla atrangth and alongatlon within 
two yaara. Tanalla atrangth and alongatlon dacraaaad aa acid content 
incraaaad. An Incraaae In ecld content of ebout QA X 10^ aqulv/g froi» en 
Inltlel value of ebout 0.3 X 10*^ can be tolereted. PET baceaa quite 
brittle «han tha acid content exceeded 10"^ equ1v/g. Tha relation betaaen 
acid content and tiae la [A] » [AqI exp kt. The prinery difficulty «1th 
ueing acid content to monitor PET degradation la that the required aanple 
alza la Inconveniently lerge. An effort la being nede to addreaa thia 
problem. 

Varloua nagnatlc tapee are being aged at different tenperaturee end 
huaidltlee. The tepee are rather different Initially! In ao far aa axtrac* 
tablee end peel etrength are concerned. Sol contente ^.ncreeae at 100 % RH 
tut decreaae et low RH. The binder layer behavae differently from the 
polyeater polyurethene from which It la derived aince the former doaa not 
seem to aoftan during aging. The reaaona for tha diffaranca ara unknown. 



67 



naftrancts 



II H. N. Bartraa and E. F. Cuddlhy, I. 6. E. E. Trana. Mag. Ifl.. 983, 
:i9BS) . 

21 0. J, Broan, H. E. Loary, and L. F. Salth, aubaltv.ad to J. App. Polyoiar 
Scl. and Polyser Praprlnia, 12, 214. t19B2]. 

31 H. Zlaaaraan and N. T. Kla, Polyaar Scl. and Eng., gfl, 6B0, (19B0). 
41 W. Mc Nation, H. A. Birdaall, 6. fl. Johnacin, and C. T. CanUll, Chan. 
Eng. Data 1, (1), 57, (1959). 

•SJ P. Z. Adalatain anJ J. L. Mc Crta, J. App. Photographic Eng., I, ISO, 
(^9B1;. 

6} D. J. Carlaaon and S Hllnara, J. App. Polyaar Sc1.,2Z. 15B9, 
(1982). 

7) P. «. Broan, H. E. Loary, and L. E. Salth, Nacroaoloculaa, H, 248, 
(1980). 

B) E. F. C'fddlhy, I. E. E. E. Trana. Hag., Ifi, SSB, (1980). 



ERIC 



88 

15 



TABLE I 



Acid Conten*, Tensile Strength, an'l Elongation at Break of PET Aged In Boiling Water 

Time -CA] TS, . " ' " £ 

Days 10 * equiv/g MPa' % 

Film Base (4 mil thick) 

0 0.36 215 142 

3 0.45 192 130 

5.9 0.55 179 135 

9.7 0.73 150 103 

14.0 1.05 116 40 

14.0 1.15 71 2 

17.0 1.41 Weak Brittle 

E (7 mil thick) 

0 0.29 162 90 

3 0.36 173 . 113 

5.9 0.45 171 97 

17 1.13 95 4 

F (4 mil thick) 

0 0.50 

17 1.84 weak brittle 
^1 MPa « 145 PSI. 
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Table II 

Properties of Unaged PET^ 

10 ^ [A] 10"* M„ : TS " *■ E 

g/mol MPa % 

Film Base 0.35 1.77 204^ 144 

Hlcrofllm A 0.31 2.15 200 126 

Hlcrofllm B 0.32 1.69 193 122 

Encapsulating Film 0.37 1.59 177 80 

Uncoated ElectrograpM'; Film C 0.41 1.44 116 185 

Coated Electrographic Film C 0.48 1.54 167 105 

Coated Electrographic F^lm 0 0.34 1.68 201 99 

U mil films except D which Is 4.8 mil. 
^1 MPa - 145 PSI. 
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TABLE III 



PET 



Time 


RH 


lO^CAl 


10"^ K 




X 


Ami4v /fl 


a/ml ^ 






0 as 


1 77 


61 


100 




1 15 


76 


100 


0.64 

W • w^ 


1 13 


81 


100 


0.85 


1.07 


97 


100 


1.25 


0.85 


108 


100 




0.80 


178 


100 


5.05 


0.55 


97 


50 




1.19 


146 


50 




1.41 


340 


50 


1.66 


0.68 


154 


25 




1.77 


341 


25 




:.34 


650 


25 







Base at 85 C 



10^a(m7 TS Crease 

niol/g " NPa X Y/N 

0 204 144 Y 

3.0 170 113 Y 
3.2 Y 
3.*7 108 18 Y 

6.1 114 5 Y 
6.9 weak brittle N 

12.5 vMak brittle N 

2.7 158 80 Y 
1.4 150 100 Y 
9.1 weak brittle N 
0 190 142 Y 

1.8 155 107 Y 
ii6 78 Y 
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Table IV. HYDROLYSIS RATE CONSTANTS 'N PET FROM ACID CONTENT (k^) and MOLECULAR WEIGHT (k^) at 85 "C 

Units of k. and k^ are X/day 



Polymer 


100X RH 




50X RH 


25X RH 


•'A 


•^M 




''A 




>^M 
n 


rliffl Base 


1.49 ±0.09 


0.92 


XU« 1 J 


0.45 


0.36 ±0.08 


n 1? 


Microfilm A 


1.27 


1.14 


±0.08 


0.47 


0.41 ±0.02 


0.12 ±0.07 


Microfilm B 


1.33 


1.09 


±0.01 


0.48 


0.22 ±0.01 


0.20 ±0.10 


Uncoated Z 


1.80 


0.67 




0.68 


0.29 ±0.07 


0.16 ±0.07 


Coated C 


1.24 


1.14 


±0.12 




0.39 ±0.04 


0.14 ±0.01 


Coated 0 


1.51 ±0.06 


0.84 


±0.'^0 


0.56 


0.28 ±0.10 


0..1 ±0.03 


Encap. Film 


1.02 ±0.27 


1.10 


±0.08 


0.50 


0.a8 ±0.04 




Average 


1.38 ± .25 


1.02 


±0.19 


0.52 ±0.09 


0.33 ±0.07 


0.16 ±0.04 
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Table V 
PET at 70 C and lOOX RH 
Material Time/days ' 



Film Base 0 

136 
312 

Microfilm B 0 

136 
312 
136 
312 



(1) 
(1) 

(1) Microfilm B aged after removal of the gelatin layer. 



M^/g/mol 


TS/MPa 


1.77 


204 


1.41 


183 




117 


1.69 


193 


1.46 


132 




110 


1.46 


131 




128 



IZi 

144 
124 
39 

122 
75 
23 
65 

5G 
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Table VI 

Characteristics of Unaged Magnetic Tape 
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Tape 



1 
2 
3 
4 
5 

^ IN/m =1.02 g/cm 
2 

Not including the back coat with carbon black that is 6X of the tape weight 

3 

Oxide binder only 

4 

Assuming half the back coat is carbon 



Binder 


Sol 


Peel 


Layer (BL) 


Content 


Strength 


wtt 


wtX 


N/a 


20^ 


0.8, 0.9 


325 


23 


1.4 


> 800 


32 


2.1, 2.6 


150 


24 


4.8 


> 800 


28 


0.7, 0.6 


35->450 



Organic 


Sol in 


in BL 


Org BL 


wtX 


wtX 


30^ 


9.5* 


24 


25 


25 


30 


29 


69 


26 


9.7 
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Table VII 



Effect of Aqinn Magnttic Tape at 
85 C and 100X RH 



Time TS E Sol Sol tn 

Days MPa % % Org BL 

Tape 1 

0 230 139 0.8 9.5 

18 4.7 56 

46 130 5 4.3 51 

Tape 2 

0 290 118 1.4 25 

18 3.0 55 

46 143 40 2.4 44 

Tape 3 

0 230 103 2.4 30 

18 2.4 30 

46 130 32 1.8 23 

Tape 5 

0 220 130 0.7 9.7 

18 5.0 69 

^6 115 4 4.1 57 
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Table VIII 
Effect of Aging Magnetic Tapes at 
60 for 85 Days 



Sol Sol in Pe«l 

^ Org BL Strength^'' 

* wtS wtS N/m 



Tape 1 

Unaged 0.8 9.5 325 

0 0.5 6.0 350 

U 7.1 

30 0.5 6.0 250 

100 4.6 55 200 

Tape 2 

Unaged 1.4 25 >800 

0 0.8 15 >600 

U .0 18 >650 

30 1.3 24 100 

100 2.7 49 50 

Tape 3 

Unaged 2.4 30 isc 

0 1.4 18 140 

11 1.8 23 

30 2.3 29 60 

100 5.4 68 15 

Tape 4 

Unaged 4.8 68 >800 

0 4.0 56 >700 

11 3.5 49 

,30 4.4 62 >750 

100 5.0 77 25 

Tape 5 

^"•iged 0.7 9.7 >450 

0 0.4 5.5 >500 

11 0.3 4.2 

30 0.7 9.7 >400 

100 5.3 74 12 
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0 4 8 12 16 

Days 

Fig. 1 Ln ( [a] / [a^] ) vt Aging tim« in boiiing wat«r. 
▲ » Film baM; O , polymar E; 0 , poiymtr F; 

Ln ( [a] / [a] ) = 0.080 t - 0.017 
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Fig. 2 Arrhmiut Plot for PET at 100% RH. was used 

whtn It was availabis; othsrwiss, was ustd. 

— , Ln k=- (14000/T) -1-39.3 
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PREDICTION OF THE U3N6 TERM STABILITY OF POLYESTER-BASED RECORDING MEDIA 



by 

Daniel W. Brown, Robert E. Lowry, and Leslie E. Smith 
National Bureau of Standards 
Gaitheraburg, Md., 20899 

Abstract 

Aging studies with poly (ethylene terephthalate) film base Indicate the 
lifetime is equsl to about 1000 years if the material is stored at 20-25°C 
and SOX reletive humidity. Concentration changes of ecid end alcc^ol groupa 
that occui' as a result of aging have been meeaured by infrared analysis. 
Rate copstantf, calculated by this method egroe reasonably well with those 
CBlculrjtsd from acid contenta daterminpd by titration. 

Crossi inked polyester polyurethanas wcra prepered es models of the 
binder of magnetic tepe. Agirg studies with these materials indicate that 
they hydrolyze nore slowly than ordinary polyester polyurethanas. Samplee 
aged et 85°C eVlOO, 50, end 25X relative humiciity eventually deterioreted 
greetlv in „ physical eenae. 

Magnetic tepee were aged end meeaurements made of *he sol content if 
the binder and its sdhesion to the polyester baae. The latter quantity 
appears to be e more valuable indicator of tape condition than aol content. 
Values of binder adheeion of six brands of magnstic tape initially varied 
between 800 end 35 N/m (cr g/cm) . Binder adheaion in aged tepee raa leas 
the higher the tempereture and humidity of er ing. A tepe trenaport had 
''ifficu'.ty proceasing tape with valu^b -f binder ad.iesiot. as low as 10 N/ro. 
There ms no problem at 35 N/ra. It is iticipated that the lifetime of 
roagneti-! tapea can be predicted by roeesursmsnts of bindsr adhasion. 

1 .0 Introduction 

A five-yeer envi ronraentel aging study aimed at eatablishing the life- 
times of magnetic tepee end the poly(ethylen terephthalate) (PET) bass of 
photogrsphic and elect raphic film ie being aponsored at the Netionel 
Bureeu of Standards by the National Archives. This is the ^^ird report on 
this work. 

Data of many kinds ars recorded and storsd on photographic film &nd 
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nagnttic ta^Je. Both media conttin an active elemo.-r in a diepePBing medium 
bonded to a substrete of PET. ELectPogpsphic film also has a PET bace. The 
lifetime of PET undep mild stopage conditions is vepy long but unknown. The 
ipon oxide of magnetic taps is dispepsed in poLyestep polyupethane, e 
material known to be hydpolytical ly unstable. Consequently, thepe is con- 
cern about the keeping qualities of film base and oxide bindep. 

Eapliep pesuLts In this study agpeed with ppevlpus wopk in thet 
hv'^polysis appeepsd to be the most Inpoptant degpadatlon process. The 
chemicel reaction In both PET and polyupethane 1e hydpolyals of the ester 
linkage: 

k 

HgO + -COg- ^ -OH + -OOgH (1] 
The products of this peactlon ape en acid end an alcohol; In addition, the 
polymep chain is bpoken leeding to a peductlon In the moleculap weight. The 
ppevious pepopt showed that the Incpease In the acid content of PPT wee 
apppoximataly equal to the incpeese In the numbep of polymep molecules, 
consistent with peectlon 1 being the only scission ppocese. The same rwJuLt 
had hoen found aarllep with polyestsp polyupethanesd ]. 

rieaction 1 is cetelyzed by the odd fopmed so the hydPoLysle pete 
accelepates exponentially at the smell extents of peaction sufficient to 
sepiously peduce the mechenical ppopepties. AppUcsble equetlons ape: 

[A] = [Aq] exp(kt] (2] 
1/M - I/Mq = [A^Jte"** - 1} (31 
Hepe [A], k, t, and M ape ecid content, pete constant, time, and moleculep 
weight, pespecti vely. Subscplpts indicate use of initial values, 'he pete 
constant, k, ia pseudo flpst opdep beceuse the eetep and watep co. . entpa- 
tions do not change significantly. Physically^ k is '.he frectional pate of 
incpease in the ecid content. Velues of k ape epppoxi mately ppopoptional to 
the pelative humidity, RH. Units used fop [A] ape mol op eq acid/g polymep; 
these aPB equal quantities. The quentity (1/M - l/M^J peppesents the mol 
scissions/g polymep. 

The pate c -instant was calculated fporo peeppenged fopms of Eq. 2 and 3, 
k=[ln(CA]/: JJ]/t anj k={lnt(M"''-Mo"''+[Ao]J/[Ao]]l/t, Pespecti v'fly. Velues 
were obtained w'th PET at tempspatupes between 115 end 55°C et 100X RH and 
at a5°C a* 100, 50, a:.d 25X RH. The eet et 100% RH ' ao»,9d the Apphenius 
equ&tic.i clo^9ly. Coppelation of acid content with tensile stpsngth and 
elcngiition at bpsak indicated that doubling the aciri content left tolepable 
physical ppopeptlas In cne films but tpipling it ceused seplous erabPittle- 

S4 



rr-'t. Consequently, Eq. 2 mbs reeppenged to give t explicitly end lifetime 
V6S Bssumed to be equel to MOOln 2)/k op 69.3/k deys if k is in Vday. 
Lifetimes obtsined by extpepoletion of k to 25 end 20°C wepe 400 end 900 
yeeps, pespecti vely, et 100 % RH. Vslues et 50% HH epe twice es long if k 
is ppopoptionel to RH. 

The Meekest point in the ebove anelysis is the long extPtpoletion to 
ambient tempepatupe. Most of the espapin ntal k ape at tampaPdtupas above 
the glass tanpapetupa of PET. about 70°C. The only value of k et 55°C was 
based on e velue o' [Al/Uj,] equal to 1.24. This k «as on the Apphanius 
line so ms axtpapoleted lineeply below the glass tempepstup. Values of k 
based on lapgap [A]/[Ajj] and also at Iomcp tempepatupes ape dasipad to 
better velidate thia extpepolation. Changes in [A] ere vepy slow at tem- 
pepttupBS of 55 end 35°C. Semples eged at 55°C ape expected to double in 
ecid content in five year.; acid contents of those aged et SS^C mey in- 
cpeec^e by only two pepcent. 

mopk on FET in this papopting pepiod has bean limited to eccunuleting 
deta on semples eged et 70, 55, end 35°C at 25, 50, and 100X RH and devel- 
oping an infpeped analysis based on the incpease in concentpations of acid 
and alcohol gpounr duPing hydpolyais. 

The polyupethane bindep on magnetic tape wes expected to obey aqua- 
tions with the seme fopm es chose above. Anelysis of tho peection is 
complicated by the lepge emount. of ipon oxide suspended in the bindep, the 
presence of lubPicants and wetting agents, end the feet thet the bindep is 
crosFlinked. Additionally, thepe is evidence thet bindep becomes mope 
cposslinked at 0 and 15% RH although it degpedes et 30 end jOOX RH[2]. In 
the lest pepopting pepiod we observed thin kind of beheviop in six kinds of 
magnetic tepe, elthough oup dete suggest slow cpossl.nking even at 3CX PH. 
Cuddihy attpibuted cposs Linking to peection of ecid end ester, i.e., the 
revepse of hydpolysis end ppedicted thet an equilibpium would be peeched 
that would pesult in mope op less pspmanently steble tepetS]. Latep Beptram 
and Cuddih, settled on 18°C end 40% RH es the idee I condition fop 
bf.opegetS]. Howevep, soluble polyestep poLyupsthenes do not sppaap to 
stabilize et moleculep weights sufficiently high to heve tolepeble physicel 
ppopepties even at 15X flH[4l. Thus thepe is some uncepteinty ebout what is 
happening to the bindep when roegnetic tepes epe dqed et low RH. Addition- 
ally, thepe is the possibility of the bindep becoii.ing deteched fpom the PET 
backing even if it does not degpade. The binding stpength d'd net deteriop- 
ate in tepe samples eged et low RH but did et 100X HH[2] end it is uncep- 



tain at what RH significant loss In binding strength will occur. 

In this raportlnj period magnetic tapes were eged et several temper- 
eturas and RH. Sol fraction and binding force between the megnutlc layer 
end the PET beee were meeeured. Portions of eged tope were tested on e tepe 
trensport. Model binder wen prepared end eged. 

2i) Experi mental 

PET semples Inciude coeted end uncoeted el'jctrographic film, exposed 
end developed photogrephic film, end jncoated film beee. The National 
Archlvee provided ell but the uncoeted film bnae, which was purchased. 
Samplee were eged et 70, 55, and 35°C at 25, 50, and 100% RH above solu- 
tions of lithium chloride. Tensile strength end elongetion et break were 
meesursd at intarvele on a tensils tssting mechine. Acid content wee msa- 
eured by titration with tatrebutyl ammonium hydroxide. More deteils about 
these methods are given in earlier reports. 

Model bindere with different crosslink densities were prepered by 
dissolving e comnerclal polyeeter polyurethene in tetrehydrofuren, edding 
the deeired emount of toluene di isocyanate, eveporeting the eolvsnt, ei d 
curing the film at 100°C under nitrogen for one week. Samplee of these 
films were aged et 25, 50, end 100% RH et 8b, 80, end 35''c. Infrered 
spectre were teken end teneile etrength and elongetion were meesured. 
Swelling retio was msesured by placing 50 mg. samples in 20 cm^ of tetre- 
hydrofuren for -bout 60 hours, decanting the solvent, letting reeidual 
droplecs svsporete, and weighing tha ewollen polymer in the closed con- 
tainer. Sorbed eolvent wee removed under vecuum at 100°C to give dry gel. 
Deneitiee of solvent snd dry polymer were used to celculete the volume 
swelling ratio by assuming volumss were edditive. The sol frsction was 
calculated by subtrecting the gel fraction from one. Some films become 
completely solubLs efter eging. Acid contents of <:neee were determined by 
titration in dimethyl forroeroide with tetrebutyl emmonium hydroxide. 

Six kinds of commerciel megnetic tepee were eged et 85, 60, end 35*^C 
at 0, 11, 30, end 100% HH. Aged eeroples wsre extrected with tetrehydrofuren 
to roeesure the sol content. Bindsr sdheeion wee msssured by applying sticky 
tepe to the binder layer and uaing e tensile teeting mechine to separete 
the binder leyer from the PtT beee. A tepe trensport wee procured and ussd 
to write end reed dete to end from 50 foot lengths of the eged topes. The 
progrera stopped the test efter 25 euccessful write, read cycles cr one 
unsuccsssrul ons. An un&uccsssful attempt waa recnrded only efter several 
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trian, ai dttaraiMd by tna transport charactariatics. 

Infr.rad .pactra .»ra obtalnad In a commarcial Fol i.r Transform 
Infrared. FTIR, machine. Signals fron, 1000 scans at 8 cn,-1 resolution or 
from 100 scans at 2 c«-1 resolution .ere averaged to give the spectra 



3JJ Results 



3.1 ELL 



3.1.1 AfliM ZILSa. and aafifi Tabl. I usts t.ansna stranpth.T. elonga- 
tion at break. E. acid content, and k for savaral kinds of PET after dif- 
ferent amounts of aging at SS^C and 100 X RH. There are small but probably 
significant changes In tensile atrangth and alongeticn in most of tr.a 
samples. Uncoatad alactrographlc film c loat almost all of Its ability to 
elonge te. 

The acid contents are based on titrations .nlaaa use cf FTIR Is noted. 
The latter technique Is described below but the method Is not In Its final 
form so .a have not m3da maasur.ma'nts on all th. films. Acid content has 
increesed significantly for.all samples taatad. Values of k «ere calculated 
from the Ustad acid content.. Uncoatad alactrographlc film C appears to 
have e higher k t..an the other films. Unagad, this materiel hed e higher 
crystalline content then the other films in addition to lo.er tensile 
strength and higher elongetion. 

Tensile strength and elongation did not change significantly when 
sampus were aged at 25 and 50% RH at 55°C or et 35«^C et 100% RH for three 
years. Ac.d contents heve .iot been meaaurad on these semples. 

The long term stebiuty of the verious coatings Is mora questionacle 
than the stabU-y of the PET. Coatings on C and 0 have changed color even 
at 35 C. FUr,s aged et 55^C heve coatings that are n-oro aaaily deteched 
than before a,ir Some of the changes may be due to light r.r oxidation 
the effects of which will be investigeted in the coming period. The photo- 
grephic fiu. Lost the emulsion leyer. but only w thin five cm. of the 
surface of the LICl solution used to control the humidity. Pos;tive results 
were cbtainea when the den.c^ad areas were tect.d for Cl". Appe.antly t'-era 
was inadvertent transfer of selt solution to the fi... gelatin of the 
emulsion layer must have been effected by the salt .oluticn. which has a 
nigh ionic strength. 

Amorphous PET was ,ged at ;o^C and 100%RH to determine If it accumu- 
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latad acid 8t a different rate than eeml crystal Line comnercleL 'lime. 
Unfortunately, It sryetalUzad during aging so we heve ended this effort. 



3.12 Aiiliifi. £jBi Sfudlas Figures 1 and 2 shON RIR spectra of dry PET 
between 3800 end 3100 cm"''' uaing 2 and « cm"'' resolution, respectively. 
Specimens were three Leyera of fUm baaa eech 0JJ04 In. thick thet had been 
eged In bolMng weter, as described In the previous report, for the number 
of days Indicated on the plots. Elongation et break and acid content of the 
film, ea measured by titration, are Hated In Teble II along with differ- 
ences ^Bcween the ebeorbence et 3717 cm"'' and ebaorbancee et 3542 and 3256 
cm~^ . 

The =TIR Instrument Is continually purged tlth dry eir. Sorbed mois- 
ture In the films ebaorba In the region plotted so spectra changed eppre- 
ciebly for ebout elx houre es the films dried out. but did not chenge 
significantly thereefter. There Is emple room In the purged epece of the 
Instrument for meny aemplee. Opening the purged epece briefly to trenafer 
dridd eemplee to end from the ssaple holder did not notlceebly chenge the 
spectre. The procedure adopted wae to put aemplea In the oi'rged space the 
day before they Wwre to be run ao that they hed more t . houra of 
diying time. 

Spectre et bo* resolutions show Increesed ebsorption between ebout 
3600 and 3100 cm"'' es the eglng time Increases. The whole level of ebeorp- 
tlan seeme to I'-creese elthough a peek at 3542 cm"'' becomee mor jromlnent. 
There ere smell, regulerly spaced peaks In all the spectre thet arb due to 
interference between reflections from the front end beck of the fllrae. 
Increasing the resolution sherpens these peeks but does not change the 
absorption In other weys. 

Acid end elcohol groups In PET absorb at 3256 and 3542 cm"'', respec- 
'ively[5]. Addleman and Zlchy hava applied Infre-red spectroscopy to rae.a- 
sure ecld and alcohol group concentrations In PET[6]. Their aemplee hao not 
been ertlflclelly aged end ecld conttnta renged only from 0.49 to X 
10 ^ raol/g. Their criterion of dryness wee thet the semple be more trana- 
parent at 3663 then at 3717 cm"''. Our semples dried ee described above met 
this condition. Their methol of enelyais is conslderebly more cnmpUceteJ 
than what we ere currently using because they hed to ellow for dirfarar.ces 
In crystelLlnlty end orlentetlon. both of which affected the abscrptlon 
coefficler.te. Our comparleons ere betwebn original and egad materisl wnich 
appeer to have the same crystalline content, as acasured ty dlffarent-lal 
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scanning calorimeter. There are no diraeneioneL chenges, which would be 
expected to occur if orientation changed. It is desireble to orient eempLee 
consistently in che instrument bean to minimize effacte due to dichroiem, 
but theee eeem to ba only a few per cent in our inetrument. 

Our method 1e to uee the ebaorbanca et 3717 cm~^ ee the beeeline above 
wh'^ch to meesure absorbance at 3542 and 3256 cm'"''. Teble II contains 
abeorbance differencee thet ere meene of those found in 8 end 2 cm.~^ 
spectre. Fig. 3 correletes the increasee in acid content with the increece 
in ebeorbance difference. These are reeeonably linear correletione. The 
initiel ecid content for meet f i Ime ie 0,35 X 10~^ mol/g eo doubling it 
should incrsese the difference in ebsorbsnce above thet of the beee line by 
0.2 in the ecid region end 0.3 in the alcohol region. There is ample 
sensitivity to meeeure thet difference eo the linee of Fig. 3 could be used 
to enticipate failure or calculate the rete conetent for the increeee .n 
ecid content. The ecid contents with i subscripts in Table I ere mesne of 
the two veluas calculated from the linee of Fig. 3. 

Probebly the interfering reflectione contribute importently to the 
scstter of the data about the linee in Fig. 3. Roughening the samplee 
reduce^: the reflectione but introducee uncertain differencee in thickness. 
One method suggssted by Addelmen end Zichy[6], which we have not lrie6 ee 
yet, is to coot eech film with e dry hydrocarbon. 

32, Studies with hodal Bi nder[7] 

32.1 Characteristics a£ uoaflftj^ materials The binder leyer of megi cic tepe 
consists of iron oxids psrticlee dispersed in a croeelinked polyesisr 
polyurethene. This laysr is prf^pared by dissolving s polysster polyure- 
thene, adding iron oxide and croaalinking agent, applying tne slurry to PET 
film, snd heeting the film to evaporatt^ solvent end ceuse crosslinking. Ths 
iron oxide is prscostsd with a wetting egent and a catalyet is ussd to 
spssd ths rssction. A polyisocysnate Is used ee the crosslinking egent. It 
reecta with the urethene groupe to form allophanete linkeges: 



-OCN- + -NO) HDCfiCN- (4) 

Ths solubls polyestsr polyurethene ie a block copolymer with the 




structure: 



89 

7 



OH HO QH HQ 

-(fl-o/!NCgH4CH2CgH4lllOO (CH2)40ClllCgH4CH2CgH4llli!n J- (5 J 
The group, R, Is a polyester, frequently poi>y(buty lene adlpate), with a 
molecular weight of about 1000; It Is the eoft segment. The rest of struc- 
tura 5 hse a moleculer weight of r nut 600; it le the hard segment end it 
contalne the urethane groupa. Tha^e are about 15 aegmenta of each type in 
an averege polymer molecule. Hard segmente aasoclate to some extent end 
make the bulk polyurethane behave es If It were croasUnkad. The ellophan- 
ate reaction Introducae chemical bonda between herd eagments, which may be 
on different moleculea, and ao genera tea an Infinite network known aa gel. 
Not every molecule need be part of the gel. 

Our model binder Lacka Iron oxide, wetting agent, and catelyst end It 
uses e nlxturs of toluene dllsocyanates, 20X ortho end BOX para. Instead of 
a polylsocyonate. Nevertheless. It should respond to hydroly^ile uuch like 
binder because the hydrolysis occurs in the ester Unkagea, which are the 
same in binder end n^odei. 

F-olymers that have been crossUnked past the gel point ere Incom- 
pletely soluble. They ere evaluated by measuring the fraction of material 
that ie soluble leoUa] end the volume fraction of gel in polymer ewollen 
by Bolvent. We usee theee methods end elso Infra-red spectroscopy to mea- 
surs ths change In acid content. Scission of the ester linkage during 
degredation crertee additional sol, Increeses the extent of ewelUng, end 
increeses th? sci(^ content, which can not be meesured by titretlon unless 
the polymer is neerly all sol. 

One croeallnked uni: per weight everage molecule gives gsLatlonCSl. 
Our starting polymer has number end weight averege moleculer welghta of 
about 25bOQ and 50000 raepectl valy, ae meesured by gel chrometography. Thue 
only 2 X 10^ mol crossUnksd unlts/g polymer Is required for geletlon. 
Much more crossUnklng Is possible beceuse eech hard segmsnt contalne four 
urethene groups, so there are ebout 60 poeelble cropalinking sitss per 
molecule. A network of herd segments Is expected if one urethene group in 
four Is crosslinksd. This sscond network should not be degreded by hydroly- 
sis of the ester groups. 

TaL.w III lists some of the inltlel properties of the r^odel bindere. 
Quantities from left to right ere: I/U, the ratio of isocyanate to urethene 
gro'jpa mixed together; e, the eol frectlon; v, the volune frection of 
polymer In a gel ewollen with tatrehydrcfuren; ^ , the number of croeallnked 
units/pclymer molecule; tensile strength; elongetlon at break; andAAba/l, 
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the difference In ebeorbencee et 3520 end 3750 cn~' divldew by the thlck- 
neee of the f 1 Im. 

The meter lei with I/U equel to zero le etarting polymer. Amounts of 
dlleocyenete much In exceee of thoee theoretlcelly required for ge lotion 
were ueed for the modele. Sol f recti on decreeeed end the volume f recti on of 
polymer In swollen gel Increesed ee I/U wee Increeeed. Velues of Y mere 
celculated from e end v, by equatlone of Cherle3by[9] end FloryClOl^ 
respectively. The Charleeby equetlon wee ueed when I/U wee equel to 0.14 
end the Flory equetlon wee ueed with th<9 other two model binders. Sol 
fractions In these two polymere eppeered to be zero, which prevents uee of 
the Cherleeby equetlon. The Flory equetlon will not el low for croesUnke In 
the 60 1, so It 1.^^ not used when I/U wee 0.14. Theoreti.el velues of i^ , 
assuming complete reectlon of Isocyenete with urethene, ere 9,35, end 63 
crossUnked units/polymer molecule, et I/U equal to 0.14« aj55, and 1.10, 
reepectlvely. The poor egreement with the experlmentel velue et low I/U mey 
be due to croeellnks within one polymer molecule end Loea of leoo^^nece 
either by evaporetlon or reaction with Inedventltlous weter. Agreement le 
better et I/U equal to 0,55 and 1.1 but our eglng atudle? auggeat the Flory 
equetlon givee too high a crocelink density In this syetem. 

Tenalle atrength and elongation were meaaured using rectanguler epecl- 
mene about 2 X C.3 X QJ)1 cm. The^ hed e tendency to teer If the croeelink 
denelty wea high. The verlanca la about 25X at I/U equel 0J55 and 1.1 end 
abouc 10% et I/U equel 0 end 0.14. 

Watet contants et 35 end 85°C end 100% RH were nearly the eame In the 
soluble polyester polyurethane end In model binders with I/U equal to 0.14 
end 1.1. 

Inf re-red spectre of eged end uneged dry f 1 1me between 3800 end 3220 

-1 

cm are In Fig. 4. Lines 1-3 ere for uneged film. The Lerge peak thet le 

off the ebeorbence ecele at 3350 cm'"'' la due to NH etretchlng. Thie peek le 

broader In model binder then In polyester polyurethene. Me did not f nd the 

acid OH stretching region at 3250 cm~^ uaeful beceuee the NH bend was so 

Intsnse. A useful correletlon wee developed Lelng the elcohol bend et 3520 
—1 

cm The epactra of unaged fllme with high croeelink density show smeller 
absorbance differencee between 3520 end 3750 cm"''. The veluee of ^be/l In 
Teble III quentify thie result. It Is reeeoneble beceuse reectlon between 
isocyenete end alcohol le more repid then the ellophenete reectlon. 

A email aharp peek at 2280 cm"'', a region where leocyenete abaorba, 
wee present In apectre of model bindere mede with I/U equel to 0J55 end 
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1.1. This peak disappearbd during aging, preauroably as e paauLt of reaction 
between laocyanata and water. Spectra of the poLyeater poLyurethane and 
the model binder with I/U equal to 0.14 lacked thia peek. 

A queatlon of importanca bacauae of the autocata lytic affect of ecld, 
ia whether the lacoyanate reecta with carboxyllc acid? This la present In 
the starting polyurethane et e concentration of about 10"^ rool/g. Schollen- 
berger and Stew8rt[111 found no raectlon between acid and Isocyanate during 
urethane preperetion. Here reaction would compete with the allophanate 
react<on, which Is slow. We aged the polyurethane until It hed an acid 
content of 6 X 10"^ mol/g &nd then treated It with enough monolaocy. late 
(used 80 the product would be soluble] to react with all the urethene, 
alcohol, end acid present. After reaction for one week et 100°C the :1d 
content was only 0^5 X 10"* mol/g. Apparently ecld can be deatroyed by 
isocyanate. 



3.2.2 Aalna. alSasiS. al aS.°& Ir ifldsl jzlD^dail Pieces of ths film made with 
I/U aquel to 1.1 were aged In sssled glees tubes ebove well dried Molecular 
Sievea In vacuum, dry nitrogen, and dry air. Samplaa were elao aged In wat 
air at 100X RH and ebove weter vepor In the absence of air. Three exposure 
times were used: 18.7, 3B.7, and 56.7 days. None of the aanplea that were 
aged dry awelled less in solvent than It did before aging. Pieces of film 
made with I/U equal to 0.14 were eged for 10,4 deys In dry air and In wet 
air at 100X HH. The sol fraction of the film aged dry was the same as 
before eging. Thua our conclusion Is that model binder does not crosslink 
when aged dry. This is a distinctly differsnt rssult than obtained with 
megnetic tapaa. 

The aamplea aged wet beceroe quite highly colored during aging whereas 
thoae eged dry chenged very slightly. Fig. 5 illustretes this effect in the 
films made with I/U aquel to 1.1. Tha uneged specimens end those aged dry 
barely show in Fig. 5 beceuse they are neerly colorless. Semples aged in 
vacuum ere like thoae nged in dry Ng. Samplaa aged wet were et 100X RH 
excsp*- aa noted. Discoloration is worse in wet air than in air-free water 
vepor. . <ere have been studies of the '^iscoloretion of polyurethenea during 
aging[12,i3] but the euthora did not invaatigata the effect of rooisturs. 

Seroplss eged for long periods at high humidity became herd end brit- 
tle. Their acid contents actuelly were leaa than those of semplea aged for 
s'lorter timea. Our apaculation waa that the molecules had degraded so much 
that polyester evaporated and dissolvsd in the aqueous phase, thereby 
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raising the glass tenperature of the remaining polymar and decreasing its 
acid content. Samples were submitted for nitrogen enalysis; reeults are in 
Teble IV. The increeses in nitrogen content support the hypothesis. Cross- 
linking and lower RH eppeer to reduce the effect. 

Fig. 6 shows how tsnsile strength end elongetion change with time in 
saroplas aged at 100X RH. The linee connect sequentiel pointe for each value 
of I/U. Velues for the croeelinked semples usuelly increese initielly. It 
seems reesoneble thet ecissions in e tightly crosslinked polymer Initielly 
increese extansibi lity. The effect on teneile strength probably is due to 
dacreesed seneitivity to edge imperfections in a more extensible polymer. 
Additlonel eging causes a rapid dacreess in both T snd E at times that 
increase with I/U. 

Fig. 7 shows values of T end E efter aging at 25% RH. Longer times 
••-^re required to give the seme effects *hen et 100X RH. The elongations of 
the two mora daneely crosslinked eamplee rewBin lerge. Leie exteneive 
degredation at 25X then at 100% RH probebly gave products thet remained in 
the polymere end eoftened them. Polymers eged for the longest timae are 
probably too soft to be sstisfectory birder even at high I/U. 

Agings were also done et 50% RH with reeulte intermediete between 
those at 25 end 100% RH. All eamplee eventuelly broke at low elongetion. 

Fig. 8 shows the sol f recti on of the two more densely croaelinked 
semples sfter aging at 25, 50, end 100% RH. The roeteriel with I/U equel to 
0.55 eventually becomee completely solubls st sll RH wherees the other 
materiel appeers to reech a final sol fraction equel to 0.6. The weight 
fraction of hard segment plus added toluene diisocyenete QA2 when I/U 
is i.1. Accordingly, ws feel thet the meteriel thet does not dissolve ie 
primarily crosslinksd hsrd segment, elthough some herd ssgment end some 
estsr sre in sol snd gel respscti vely. The fact that the polymer with I/U 
equel to 0.55 did not form permenent gel, dven though it hed twice the 
ieocyenete aufficiant to do ^o, euggeste thet et leaet half the isocysnsts 
W88 wastsd. Crosslinks between urethene groups within the seme herd eegment 
or molecule could account for this. An edditionel implication is thet the 
veL J oft 1r Table HI for roeteriale with I/U equel to 0.55 end 1.1 ere 
much too high. The reeeons for the feilure of the Flory equetion may be 
connected with the preferred eeeocietion of herd eegnente in polyeeter 
polyurathanee. We euspect thet cheins coroin'^ from hsrd ssgment blocke 
interfere with jne enother and so do not swell to norroel equilibrium. 

'elubs of the sol fraction can be used to calculate the number of 
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scissions. Ws did *Sis using ths Y of Tsble 111 [7] but now think ths 
rssuLts wars wrong bscauss tha Initial crosslink dansltlas ware too high. 
Mol scissioiiS/g reachad values as high as 4 X 10"^ evsn at 25i RH. This is 
rouch higher than found in polyester polyurethenes at the same RH[4]. More 
reasonable velues ere obtained If tie about 10 for unaged model binder 
with I/U equel to 0J55. To get this would require thet the eol f recti on be 
Oi)1, which Is too snail to be signlflcent. The corresponding density of 
croesllnked units, V/Mq. Is 4 X 10"^ »ol/g If Is 25000 g/mol. Ths 
polyner should become conpletely solubls during hydrolysis when 3^ is 0.5, 
sines It has a nost probeble distribution. The concentration of croasUnksd 
units will be unchanged If only the ester groups hydrolyze. Therefore the 
molecular weight will be 05/(4 X 10"^J or 1250 when complete solubiliza- 
tion occurs. There ahould be one ecld group per molecule In the degraded 
material, meking [A] equal to 8 X 10~^ mol/g. 

Acid content can be measured by titration of solubls polymers^ Veluss 
obtained by titration of croasUnked, pertly aolubla polymers ere not 
expected to be valid because the bese will not get Into the polymer. Infra- 
red spectroscopy appears to be ussful In meesuring the Increase In ecld 
content of such meterlals. 

Lines 4-6 In Fig 4 ere Infra-red epectra of aged polymers. Comparisons 

with tha spectre of the corresponding unaged polymers Indlcete the aged 

samples hav a larger absorbance at 3520 cm'"''. In the alcohol OH stretching 

—1 

region, end at 3717 cm The abaorbanca of each ssmple between 3700 and 
—1 

6500 cm Is substantially constant but Is highsr for ths aged films. The 
causs of this raised ebsorbanca plateau Is uncertain but we have treated 
the flat region es the besellne and measured AAbs/l es for the unaged 
polymers. Titrations for ecld were performed on soluble polymers. Acid 
contents were obtained with unaged stsrtlng polymer, I/U=0, and eged poly- 
mers with I/U=:0, 0.14, and 0J55. As many alcohol groups should form as acid 
groups, according to reaction 1. Thus one ahould expect the Increase in 
acid content will be proportional to the Increase in the absorbance dif- 
ference, 1.e., i^/iAbs/l. Furthermore, If the orlglnel acid content ts much 
less than the ecld content after eglng, as seems reasonable, then the acid 
contents should be proportlonel to the Increese in absorbance difference. 
This is shown to be appro^ mataly true In Fig. 9. The Una in this figure 
was used to calculate acid contenta of polymara that were not completely 
soluble • 

Fig. 10 la a plot of acid content va. time at 85^C and 100% RH. Acid 



contents were determined by titretlon or by use of Pig. 9. Lines ere 
caLcuLated by Eq. 2, using velues of [A^] end k Meted on the plots. The 
intent is to fit only the early points. Figures 11 end 12 contain similar 
results from samples eged at B5°C end 50 end 25% RH, respectively. Note 
that at 25% RH the lest [A] determined for the polymer with I/U equal to 
0.55 Is about 7 X 10"* mol/g. The conclualone drewn from theee plots are 
that [Ag] end k are leer, for the densely croaallnked films. 

Presumebly reaction between acid end leocyeneta raducea [A^]. Raeaona 
for the reduction In k ere speculative, but It 1e euggeated that the rete 
constant for esterlflcetlon, 1^. the reverse of reaction 1, Is effectively 
greater In a densely crossUnked gel than In an uncroeallnkad polymer 
because the ecld end elcohol can not separate normally beceuae of physical 
constraints. The epparant raault would be to decreese k, the rete conatant 
for hydrolyals. 

Preliminary teata of this hypothesis heve been mede by pre-aging model 
binder and re-aging It at OX RH. Under this condition the ecld content 
should decrease end hydrolysis should be abaent. Reaction Is just tne 
reverse of reaction 1. The differential aquation connecting [A] and time 
1s[4J: 

-(d[A]/dtJ = k'[Aj2([H^] + [A]] (6] 
Here [H^] Is the elcofiol content before the Initial aging end k* Is the 
rete constant for the back reaction. Acid concentration is squared because 
acid catalyzes hydrolysis and so must catalyze esterlfi cation. 

Results In Table V were obtained by integreting Eq 6 end solving the 
resulting equetlon for k', using [A^] as the acid content et the alert of 
the re-aging period and [A] and t ns acid content end time after re- 
aging[4]. Thus each k' is calculated frcu two points, [A^^J^O and [A],t. The 
[Hq], which are required, were calculated as follows. The acid content for 
uncrosslinked polymer was determined by titration and found to be 10*^ 
eqyg. The moleci'Ler weight is 20,000-25,000, so there are ebout 10"* mol 
of end groupb/g polymer. Only 10% of these are acid groups so the concen- 
tration of alcohol groups was taken as 10"* .'ol/g. It was then essumed that 
AAbs/l, in Table III, wes proportions I to the alcohol content so [H^] for 
uneged crossUnked film is ',0"* times ths ratio of the { Abs/U's. 

The final column lists the k*. Results probebly are not very eccurete 
80 the first five listings ere regarded es not differing signi ficently. The 
last three listings indicste that k* is larger .or the most densely cross- 
linked meterial. However, thi3 effect eeems to be leas the greeter the 
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inltitl [Agl, i.t. tht grtattr tht •xtent of prt-eging. The inplication Is 
th«t hydPoLysis nUI •ventuaLLy reduce k' to Its value for uncrossLlnked 
polymer. The second Listing for k' uses 10"* raoL/g for [H^], which we 
regard as known only approxiaately. Larger [Hg] does not eliminate the 
larger k' of polyner with I/U equal to 1.1. 

Previously it was found that k' in uncrosslinkad polyester diols and 
polyurethanas depended on RH[4l. Consequently, the values of k' in Teble V 
probably should not be used et any other RH than zero. 

Model binders are being eged ec 60 and 35 °C. Prelininery results st 
60 °C ere like those at 85 °C but a five fold greeter time is required to 
acconplish the seue result. No significant deg-adetion had occurred at 35 
°C. 



3J Maanatic tapes 



3J.1 Un?.qgtf iaJ2A£ Characteristics of unaged tapes are listed in Table VI. 
The values ere neerly the same as those in the Lest report. Chenges were 
mede as additional neasurenents affected the everege results. Tape 1 has 
binder with carbon on the surfece opposite the one with magnetic oxide. The 
other tapes do not have this coating. Several rolls of Tape 5 had very Low 
adhesive force between binder and PET baee so the group has been divided 
into 5A and 5B. 

The weight of the binder layer was determined by immersing tape in 
acetone, scraping off the swollen layer, and weighing the PET bese. The 
organic content of the binder layer was determined by burning off the 
binder in air. It is possible thet some reduction : the iron oxide may 
have occurred during this operation, which would result in an unknown 
error. The quantities in the column headed "Sol in Org BL" era probably 
somewhet more then the sol content of the polymer that makes up the binder 
layer because of the extrection of additive?, such as lubricant, catalyst 
fragments, and oxide wetting agent. 

The acid content of the sol from Tape 4 was messured by titretion and 
found to be 8 X 10"^ mol/g. A lower velue was expected bece-L ^ polyester 
polyurethanas generally are made with ecid contents epproximetely equal to 
10"^ mol/g. Lower moleculer weight components, which hsve more chain ends 
and so more acid, tend to remain as sol during crosslinking. This makes the 
acid content of the aol different from thet of the whole poLymer but even 
if there is no acid in the gel the overall value is about 5 X 10~^. Acid 
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contants of sol from other tapes were not measured because they are smaller 
fractions of the organic component of the binder layer. 

The binder leyer can be removed from the PET base by immersing tape in 
the proper solvsnt mixture for about 60 seconde. A mixture containing three 
volume percent water in hexaf luoroisopropanol works for all except Tape 4. 
The binder fleets off and curls up but hae enough strength so it can be 
drawn flat onto a 10 mil-thick Teflon sheet, that is also immersed. Hexs- 
f luoroisopropanol is sorbed by the skin snd is a poisonous vspor, so cars 
must be exercised during these operations. Binder on Tape 4 is very fragile 
when highly swollen^ because of its low crosslink deneity. A mixture of 10 
volume psrcsnt water in acetone swells the binder leyer of Tape 4 adequate- 
ly. A small amount of materiel is ectually dissolvsd during the removal 
operations. Ths use of mixed solvsnt and nan solvent reduces this to a 
relatively small fraction of the total sol. 

Pig. 13 compsres the infra-red spectra of binder layer from Tape 1 and 

the soluble polyester polyurethene used to make our model binder. The 

spectra are very similsr, except for the scattering due to the oxide perti- 

cles, which results in a decreasing baseline, end ebsorption dus to ths 

magnstic oxids at about 600 cm*''. There is also a broad, weak peak at 2200 
~1 

cm in the spectrum of the binder layer thet is not in that of ths poly- 
urethans. 

Pig. 14 comparss spsctra of bindsr layers from six kinds of taps. All 
spectra are very similar but there are differences in ths week absorptions 
bstwsen 2600 and 1800 cm"''. The sourcs of thsss absorptions is unknown. 
Isocyanatss and carbodiimides havs relatively sharp absorptions at 2270 and 
2170 cm \ rsspecti vely. Isocyanste hydrolyzes to amine at room tempere- 
ture, so it is unliksly to bs prsssnt even in unaged tapes. Carbodiimids is 
used to stabilizs polysster polyurethanes and might be an additive, but a 
narrower peak should rssult. Ws had hoped to study ths dsgradation of ths 
bindsr laysr by using the absorption due to alcohol groups, as in model 
binder, but these absorptions ars so wsak compsrsd with the scattering that 
the approach djes not sppsar promising^ Signal to noiss was much improvsd 
by making 10,000 scans, which requires about two hours for sach spsctrum 
but sven then the desired absorbancs diffsrsncs was not known prscissly. 
Additionally, our aging data suggsst that adhssion of binder layer to PET 
base may be the limiting factor in tape life. 

3.3J3 Aoed msflnqtic tapes Tapes 1-5A wsrs agsd in vacuum, dry nitrogen, dry 
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aip, wat aip (10CX RHJ, and alr-frea watar vapor at 85° C. Aging undar dry 
condltlona cauaad a reduction In tha aol contant, praaumably dua to croas- 
Unking. Wat air and rater vapor cauaad approxInataLy equal Incraaaas in 
sol content. 

An eglng temperature of SS° C appeared moro aevere then neceeaary or 
deairable, ainca our Interaat ma in changea at ambient tempereture. Moet 
of our reeuLte now involve rq1:^ge at 60 and 35° C. 

Fig. 15 ahowa aol content er eglng et 60° C end 100X RH. Moet of 
the tepee reech 5% sol in ebout tOO daya end then give allghtly leea aol on 
additional aging. A aol content of 5X correeponde to about 60-70X of the 
organic component of the binder Leyer being eoLubla. Tape 2 reachee only 3X 
aol, which correeponde to ebout 55X aoLubla binder. Even Tepe 4 binder, 
which 16 66X aoLubla to etart with, never becomes more then 70% aoLuble. 
Theee reeuLte reaemble behavior of tha moat highly croaalinked model 
binder. 

Sol frectiona of tapaa aged at 60°C end 30, 15, end OX RH dacreesad 
with time, Implying thet the binder croealinked. Sol extrected from unaged 
Tepe 4 gelled when aged et 85°C end OX RH, confirming that croaalinking 
occurred. 

Sol contenta of Tepae 1,2,3,4, end 5A ere 1.8, 2.4, 4.0, 5.4, end 
2JX, raepectlvely, efter ebout 250 daya aging at 35°C end 100X RH. Tha 
infra-red epectra of tha extrected eol ere like tha ^ectrum of the polyee- 
ter polyurethene In Fig. 13 except for e emell aherp peek et 2250 cm"'' in 
the former epectre. Attempta to determine the ecld contente of eol t - 
trected from eged tepee by titretlon have not been auccesaful baceu&e color 
changee during titretlon preclude uee of Indicetora end no eudden chenge 
occurs in electrode potentiel during potenti ometri c titretlon. 

Oeterioreting edhealva force between binder end PET beee could cauee 
feilurq of the tepe. Our method of meeeuring thie force la to apply a 20-30 
cm length of 3/8-in wide emboeeing tepe to the center of the oxide leyer of 
the 1/2 In-wide megnetic tepe end then eeperete the two tepe« In e tenaila 
teeting roechlne. A high croeeheed epeed helpe etert tna aeperetion of 
binder leyer end PET; 20 end 40 In/min were uaed. The force is initielly 
high but decreesea quickly end 1e within ebout 25X of eome a.pfsga velue 
during moat of the pull. There ie coneldereble oecillotion of the pen 
during the pull beceuae the eeperetlon occure ee a eeriee of etope end 
atarte. Fig. 16 ehowa tha recorder trece from three zh meeeuremente. 

Unaged Tepee 2, 4, end 5A do not loae binder layc»r du/lng th^aa 

o 98 
ERIC 16 



experlffitnts. The other uneged tapee Lose binder, eome times by failure 
betwesh binder Layer end PET (edheslve] end eoroetlmee by felLure within the 
binder Leyer (coheelvej. Pig. 17 ehows the behevlor patterns In uneged 
tapes thst do Loee binder during the meeeurement. Most fel Lures ere melnLy 
edheelve or melnLy coheelve but not excLuelveLy either. Sometlmee horizon- 
teL or vertlceL etrlp^ uf binder Leyer ere Left on the PET. There have been 
caeee In which the type of reeldue hee chenged within one puLL. Fig. 17 
conteino en exempLe of thie. No convincing retloneLlzetlon of theee phe- 
nomene hes occurred to ue. 

The meesured edheelve or cohesive force decreeses during eglng In e 
wey thet depende on tempereture end RH. Binder Leyer feLL off eLL tapes 
eged at 60 °C end 100X RH for one yaer. Theee tapee were obvlousLy not 
usefuL. Pig. 18 end 19 show the time dependence of binder edheeion [or 
cohesion] rfter eglng at 60 °C end 30 end 15X RH, respecti veLy. Greet 
decreesee from the InltleL veLuee occur. Very Low veLcee, ebout 10 N/m, ere 
reeched for Tepee 3 end 6. Aging at 15X RH mekes the soL content decreese, 
so chengee In soL content probebLy wILL not be reLlabLe Indlcetors of tepe 
reLleblLlty. 

VaLuee of binder adhesion exceed 80 N/m for eLL tepee efter nearLy 500 
days at 35 °C and 100X RH. Aging at Lower RH for ebout one yeer leeves 
stILL higher veLuee. 

Experiments with eged tepee Indlcete thet write end reed probLeme 
occur when the binder edheeion velue hes decreesed tu ebout 10 N/m. The 
progremmed write-reed sequence, described In the ExperlmenteL section, 
feUed after 14 peeses of Tape 3, eged untIL the bit r Leyer adhesive 
force WB8 10 N/m. There wee binder Leyer on the heeds end wher It wee 
removed addltlonaL write-reed peeses were made. Pel Lure egain occurred 
before 25 pesses of eech type were mede. Other aged tepee wouLd run through 
25 pesses. These resuLts ImpLy thet Lerge decreeses In binder edheeion cen 
occur before tepee become ueeLess. CcnsequentLy, binder adheelon can be 
used to monitor tape condition. 

4.0 Discusaion 

4.1 E£I ALL resuLts to dete indicate thet the type of PET now being mede 
viLL Lest severel centuries under the mILd condltlone enticlpeted for 
etorege of erchlveL meterleLe. The extrepoLetlon through the gLees tem- 
pereture Is stILL e source of uncertelnty and wiLL remein so untIL some 
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detarnlnatlon, probably of tha add contant, gives the rate conatent at a 
Lower temperature then 55 

It 16 enphaalzed thet the excellent phyelcal properties of PET may 
depend on e rether epeclfic combination of orlentetlon and cryetelllnity. 
Any chengee might reeult In e meterlel thet heri different eeneltlvlty to 
hydrolysis. Results obtained with the electrogrephic fllma C may lllustrsts 
this, Thess films fell physics I ly before the other fllme end heve slgnlfl- 
cently different cryetalUnt ty than the other fllue, ae descrlbad In ths 
f 1 rat report. 

The inf re-red technique deecrlbed ebove cen be ussd to monitor degra- 
dation, If thet becomee deelrable. It le neceeeery to remove eny film 
coating from an area sufflclsntly Isrga to trenemit the beem. The two-fold 
Increeaa In acid content Is s reeeoneble fellure criterion, excepting fllme 
C, 80 long ee fllme of the preeent type are In uee. Chengee In film cherec- 
teristlcs would require thet the fellure criterion be reeetabllshed. 

A£ HQ^bI Binder The model bindera baheved In a manner quell tetlvely antic- 
ipated from reeults obtained eerller with eoluble polyester polyurethenea. 
There le eutocetalyala due to the ecld catalyzed hydrolyele. However, timee 
to .eech epeclfic ecld contente ere longer beceuse of the lower Initial 
ecld content end, leee concluel vely, eleo beceuee of the lower effective 
rate conetente for hydrolyels. Fig. 10 - 12 and Teble V. An acid content of 
8 X 10"* mol/g wee obtained efter long eglng of the film with I/U equel to 
0£5 at 85 °C end 25X RH. This Is sbout ths seme ee obtained et equilibrium 
with tne soluble polyeeter polyurethene ussd to msks ths model b1nd6r[4]. 
Highly crossUnksd modsl bindere beceme eoft end week at 85 °C even at 25% 
RH but did not eppear to cryatalUze when coolad to room tempereture ea did 
the eoluble polyeeter polyurethenee. Oegreded model binder contelne ello- 
phenete brench^^e which may prevent cryetelUzetlon. The preeence of e 
network thet does not hydrolyzs In the moet highly croesUnked model did 
not prevent ssv.re deterloretlon of the physlcel properties. Thus the eglng 
results to dete Indlcete thet croeellnked polyeeter polyurethenee do not 
heve sufflclsntly good pnyslcsl propsrtiss st squlUbrlum to remsin perrosn- 
ently accepteble ee binder leyer for tope. The main uncartelnty In this 
conclusion Is due to the leek of e complete eet of deta at other tempere- 
turas. Such deta are being obtelned. 



4J Mgqngtic HbSI Tepe binder eppeere to croealink at humldltlea at which 
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cro88L1nkad polyester poLyurethanee degrade. Qne expLanetlon might be that 
Initial acid and alcohol concentre t1 one In the binder ere sufficiently high 
to drive the reectlon towerd croeellnklng. We cen neke an estlmste of whet 
1e required to do this. The reletlon governing equilibrium 1s[41: 



Here [E] and [W] are eeter end water concentretlone and the other quenti- 
tiss ore es defined above. Therefore, [A][H] at equlUbrluji is k[E][W]/k\ 
Values of [E], k[W], end k* ere In Teblee I end IV of referencelA]. From 
them the product [A][H] 1e celculeted to be 8.2 X 10**^ mol^/g^ at equilib- 
rium at 85°C end 25% RH. Coneequent ly, (H] equele 8.2 X 10^^ if [A] equals 
10"^ rool/g. A ten-fold greeter ecld concentretlon, which le twice the velue 
found for the binder of Tape 4, would require proportionately fewer alcohol 
groupe. Such concentretlone ssem Impoealbly lerge; pure butane diol, for 
example, hes e concentre tlon of elcohol groupe equel to ebout 2 X ^0*^ 
mol/g. Therefore, we think eome process other then ecld end elcoho. react- 
ing to give Bstsr Is rsqulred to explein the crossUnklng observed by 
Cuddlhy et 0 end 15X RH[2] end by us st 0, 15, end 30% RH. 

Our orlglnel speculetlon wee thst the Iron oxide eccounted for cross- 
linking. However, dete In the previous rsport showed thet e semple cf the 
kind of Iron oxide used In tope me'^ufacture ectuelly Increesed the hydroly- 
sis rete of the polyestsr polyursthsne. 

Finding thet extrected sol sbsorbs st 2250 cm"'' but that polyester 

polyurethane doee not, suggssts thet en additive which might ceuss the 

crossUnklng is present In the extrect. Absorption between 2200 and 2300 
-1 

cm is not very common. Isocyeneta end cerbodllmlde ere two possibilities 
and either could cause crossUnklng If multifunctional. However, isocyan- 
ates reect with etmcapheric moisture end the only polycerbodi imide we ^e 
experience with ebeorb? et 2170 cm*''. Therefore, such compounds seem to be 
ruled out. 

The ceuee of the crossUnklng Is still not known. 

Appsrsntly tepe lifetime le limited more by binder edhesion then by 
the sol contsnt of ths bindsr. Bertrem end Cuddlhy reported thet tepee with 
more then 1.5X sol, bssed on the tote I tepe weight, beceme difficult to 
U6e[3]. Tepee 3, 4, end 6 heve more eol then thet before eglng and they 
perform well. Furthermore, the iiol content of Tepe 4 doee net chenge much 
on hydrolyels. Thus sol content doee not eppeer to be e useful quantity for 
lifetime prediction. Binder edheelon hee a large renge, from more than 800 
to ebout 2 N/n, with feUure occurring eomewhere between 10 end 50 N/m. The 



k[E][W] ^ k'[A][H] 



[7] 
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measured values are not very precise but the method probably can be Im- 
proved. Some error In the prediction Is tolereble because tape is mergln- 
ally uaeful even efter coneldareble loss of adhesion has occurred. 

Our method of aetlueting tape lifetime will Involve measuring binder 
adheelon efter aging et different temperatures and hunldllTles snd corrsl- 
atlng ths messurements with the ability of the tepe trensport to process 
the tape. A decreeea to eome level of binder adhesion will be defined es 
snding tope life. Rates of decreese end tape lifetimes will be known as 
functions of tsmperature and humidity. Extrapolation by means of the 
Arrhenlus relation will give velues under the desired conditioner This 
spproech Is smplrlcal but It Is probsbly th^ bsst thst can be done, given 
the verletlon In tape cherecterlstlcs. 

5Ja Future work 

Aging of PET et 55 end 35°C will continue. The main effort will be to 
improve the Infra-red method. Some work will be started to better under- 
stand the deterloretlon of the coatings. 

Aging of model binder will continue at 60 and 35°C. The main concern 
will be whether variations with tempereture and humidity extrapolete so es 
to chenge our conclusion thet croesUnked polyester polyurethanes will 
eventuslly hycirolyze to useless meterlels at smblent condltlone. 

An attempt will be made to estimate the lifetime of aegnetic tepes es 
outlined above. Experiments will bs psrformed with extracts from tspss to 
try to understand the crossUnklng mschsnlsm. 
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6.0 ConcLuglons 

PET films as currently made for photogrephic and electrographic uss 
should last mors than 1000 years If storsd at 20-25°C and 50% RH. The 
lifatlmes of the costings, which bser the Informetlon, do not eppeer to be 
that long and are unKnown. 

Hegnetic tape lifetime eppears to be e function of binder edheslon. A 
program has been suggsstsd to bsss lifetime prediction of magnetic tapes an 
verietlons of bindsr adhesion with temperature and humidity. 

Experiments with crosellnked polyester polyurethanes indicates that 
thsss msterlals will not stabilize at a tolereble extent of hydrolysis even 
et low humidity. Thie conclusion Is bssed on rssults st only ons 
tsmpsrsturs, B5°C. Expsriments ere continuing et other temperatures with 
thsse materlele. 
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Table I 



PET Films at 55 "C and lOOj RH 

Material Time T E 1o'*Ca3 k 

Days MPa % eq/g J/day 



Film base 



Microfilm A 



Microfilm B 



0 


204 


111 


586 


190 


128 


1 1 05 


165 


106 


0 


200 


126 


660- 


161 


1 nn 


660 


167 


96 


11053 


166 


90 


line? 
1 1 05 


1 65 


85 


0 


193 


122 




175 


116 


oou 


1 72 


1 02 


1105. 


171 


88 


1105" 


187 


99 


0 


177 


80 


660 


115 


83 


1105 


151 


73 


0 


116 


185 


C 660 


110 


112 


1105 


110 


5 


0 


167 


105 


650 


150 


78 


1105 


110 


68 


0 


201 


99 


1010 


177 


70 



0.35 

0.11 0.037 

O.5I1 0.039i 
0.31 



0.32 



Encapsulating 0 177 80 0.37 

Film 660 115 83 

0.574 0.039* 
Uncoated 0 116 185 0.11 

Electrographic 

0.68^ 0.0l6i 

Coated Electro- 0 167 105 0.18 

graphic C 

Coated Electro- 0 201 99 0.3I 

graphic D 
Subscripts: 

i, From FTIR measurements; s, stripped of emulsion layer before aging, 
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Table II 



Acid Content, Elongation at Break and Absorbance Difference 
in PET Aged in Boiling Water 



Time 


Elongation 


CA] 


AAbs^ 


AAbs^ 


Days 


% 


lO'^ eq/g 






0 


142 


0.36 


0.33 


0.27 


3 


130 


0.45 


0.45 


0.31 


5.9 


135 


0.55 


0.54 


0.36 


9.7 


103 


0.73 


0.62 


0.49 


14.0 


40 


1.05 


0.79 


0.60 


17.0 


Brittle 


1.41 


0.98 


0.76 


Superscripts: 











(1) From spectra of three stacked films, each 0.004 inch thick. 

(2) AAbs^ . Absorbance at 3542 cm'^ minus that at 3717 cm"^. 

(3) AAtSj - Absorbance at 3256 cm"'' minus that at 3717 cm"''. 
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Table III 

Initial Properties of Polyurethane Films 



I/U 


s 


V 


Y 


T 


E 


AAbs/l 


mol /ratio 


fr 


fr 


X H/pol 


M Pa 


% 




0 


1 




0 


63 


1200 


6.8 


0.14 


0.79 


0.054 


0.6 


73 


900 


5.8 


.55 


-0 


0.38 


42 


J»5 


370 


0.045 


1.1 


-0 


0.47 


71 


10 


130 


0.15 
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Table IV 



Elemental Composiclon Change at 85 "C 

I/W Time RH 1o5[a] n 

mol/ratlo Days ? mol, ^ % 

0 0 " 1 3.6 

0 *8 100 80 5.6 

0 - <i 6.1 

'•1 57 100 53 7.1 

^•■l 113 50 52 6.0 
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Table V 



aecombination of Acid and Alcohol at 85 "C in Dry Polyurethane 
(60 days except as Indicated) 
-(d[A]/dt) - k'[A]2([HQ]+[A].^ 



I/U 106 Io'* Aq Ic'* A 10-5 k' 

mol ratio mol/g g^/mol.^d 

0 100 5.1 1.9* 1.3 

0 100 5.1 1.1* 1.1 

0 100 2.3 1.1 3.1 

0.14 86 1.9 1.2 2.2. 2.1 

0.55 0.67 2.5 1.75 1.4, 0.9 

I-' 2.2 6.6 1.1 6.6. 11.2 

1-1 2.2 1.25 0.59 18. 8.2 

2.2 0.62 0.29 73, 22^ 



f; 68 d. ^) 219 d. ^« 2nd value uses - lo"'* mol/g 
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Table VI 



Characteristics of Unaged Magnetic Tape 



Tape 


O 4 ABA 

Binder 


Sol 


Binder 


Organic 


Sol in 




Layer (BL) 


Contact 


Adhesion 


in BL 


Org BL 




wt!l 


wtK 




wt;: 




1 


202 


0.7 


325 


303 


8^ 


2 


23 


1.3 


>800 


24 


24 


3 


32 


2.4 


150 


25 


30 


i» 


2K 


4.6 


>800 


29 


66 


5k 


28 


0.7 


>450 


26 


9.6 


5B 




1.0 


35 






6 




2.6 


160 







2 1 N/ra - 1.02 g/cm 

Not including the back coat that is 6% of the tape weight. 
^ Oxide binder only 

Assuming half the tack coat is carbon. 
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MAVENUhBEAS 

FIG. 1 INF1?A-RED SPECTRA OF PET ARER AGING IN BOILING WATER 
2-CH' RESOLUTION. CURVES LABELED lOTH AGING TIME IN DAYS. 
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FIG. 2 INFRA-RED SPECTRA OF PET AFTER AGING IN BOILINS WATER 
RESOLUTION. CURVES UBELED UHH AGING TIME IN DAYS, 
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FI8. 3 CHANGE IN CA] VS CHANGE IN 4ABS 

a, — AT 3542 ON*,'. LINE: CAW .69(a(4ABS))-0.09 
<> - -AT 3256 CM* . LINE: CA>2.I1UUABS))-0.01 




o 
o 



37ya 3f*o 

aSooliio iSio iJ^o shzo 



WAVENUMBERS 



FIG. 4 FTIR SPECTRA OF URETHANE FILMS. 
UNA6ED:J.I/U=0, 1=0.012 CM; 2. I/U=0.14, 1=0.013 CM; 
3. I/U=0.S5, 1=0.015 CM. AGED AT 85'C: 4. I/U=0.14, 
1=0.010 CM, 25J< RH, 50 DAYS; 5. I/U=0.55, 1=0.015 CM, 
25X RH, 59 DAYS; 6. MULTIPLY ABSORBANCE BY 2, I/U= 
0.55, 1=0.015 CM, 50X RH, 87 DAYS. 
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PIC. s 

Color Development in Crosslinked Polyurethane, 
(I/U) = 1.1, at 85 "C 

Unaged 

Dry N2 Dry Air Wet Air Vapor Days 



18.7 



38.7 




(25Z RH) 



56.7 



239 
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V 




28 36 « 56 



DAYS 



FIG. 6 T AND E RELATIVE TO INITIAL VALUES 
VS. DAYS AT 85 C AND \00'A RH 

T, UNSHADED SYMBOLS AND ; 

E. SHADED SYMBOLS AND ; 

^ . Ai/u«0; + , 4^i/u«o. 1 4; a, m i/u= 

0.55; 0, 4I/U-l.t. 



o 
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3 



UJ 

o 
z 
< 



llJ 
> 

H 
I- 
< 

U 



2 



I 



I 



I 



I 




a 28 48 



— I 1 1 ' ^ ■ 

) 188 128 148 168 188 
DAYS 



FIG. 7 

AND E RELATIVE TO INITIAL VALUES 
VS DAYS AT 8S C AND 2S% RH 

T . UNSHADED. ; E. SHADED - 

J^.^. I/U-0; + ,4f, I/U-O.m/ 
D. I/U-0.SS;O.#, I/U-l.l 
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DAYS 



FIG. 8 SOL FRACnOM VS TDC AT 85 C 
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A U Abs/I).cm 



1/U«00(,uii.o.;; 4>^C. 25S AM; 60C. 100MH. I/U-q 14- 
^•t^J 85C. 100. SOS RH. Ltnt: lA J=0.013XA(AAl);/U. 
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0 18 28 38 48 Sa 69 

DAYS 

FIG. 10 ACID CONTENT VS DAYS AT 

85 C AND 188 X RH 
^,I/U-0; f.I/U-O. 14; 
O,I/U-0.55; ^,I/U-1 . 1 

LINES, A-A.EXPCA<) 
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2r 



(!) 
-i 

o 1 



< 
o 



10* A. «0.0I 
Jk-0 . 1 05 



IO^Ao=0.005 
ft -=0.073 



a 



8 



29 48 69 



88 188 128 

DAYS 



148 168 188 



FIG. 11 ACID CONTENT VS DAYS AT 

85 C AND 5Q^ RH 
A.I/U-0; -l-.I/U-O. 14; 
D,I/U-0.55; O.I/U-1 . 1 

LINES, A-A^EXPCW^ 
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e 2B 46 68 88 lae 128 146 168 188 



DAYS 

FIG. 12 ACID CONTENT VS DAYS AT 

85 C AND 2S% RH 
A.I/U-0; +.I/U-0. M; 
Q.I/U-0.55; O.I/U-1 . 1 
LINES, A=Ao EXP C*tD 
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WriiVENUMBeRS 

FIG 13 INFRA-RED SPECTRA OF BINDER LAYER AND POLYURETHANE 
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FIG. 14 INFRA-RED SPECTRA OF BINDER 
LAYER FROM MAGNETIC TAPES 




4QQQ iSoQ iioQ 



ERIC 



iSoQ 2^00 iSoQ 
NFlVENUMBERS 

124 



i^QQ n 



1 1 



I M IM 1 



FIG. 16 RECORDER PLOTS DUONG STRIPPING 
OF mot UYER FROH TAPES I 5A. 56 



TAPE L FULL SCALE SOOG; 

TAPE 5A, 1K6 FS; TAPE SB, 2006 FS 
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FIG. 17 

STRIPPING PATTERNS OF BINDER LAYER 



TAPE 




1, UNAGED 




3, UNAGED 



SB, UNAGED 



6, UNAGED 



4, 60 C,30X RH, 525 DA 



127 



9 .» 



FIG 18 BINDER ADHESION AFTER AGING AT 60 C AND 3QU RH 
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FIG 19 BINDER ADHESION AFTER A6IN6 AT 68 C AND 165« RH 
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